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論文要旨 
 
理工学研究科総合理工学専攻 
無機・物理化学領域 
12D6012 
副田和位 
 
Development of gel electrolyte for EDLC and binder for rechargeable battery  
on the bases of natural polymer. 
 
リチウムイオン電池(以下 LIB)や電気二重層キャパシタ(以下 EDLC)等の電気化学デバイ
スは、蓄電素子として今後のエネルギー産業を支える非常に重要な位置づけにあるが、実
用化が達成された現在においても性能面、安全面、コスト面など様々な点が依然不十分で
あると言われている。また現時点で実用化が可能なものは、既存の材料の組み合わせでほ
ぼ構成されており、このままでは大きなブレイクスルーは見込めないという声も企業の間
では言われている。このことから、今までには無い新規材料、特に常識にとらわれない異
分野との融合を備えた材料開発に目を向ける必要があると思われる。近年、複合糖鎖やタ
ンパク質などの天然高分子材料が電子材料の構成部材、或いはその製造において活用でき
ることが報告され，Panasonic 社のフェリチンを用いた半導体の製造などがそれに該当する。
本研究ではこれら天然高分子材料について，電気化学デバイスに適用する検討を行い、そ
の成果に関して報告する．考えられる具体的な適用の手段としては，ゲル電解質，或いは
電極構成部材のバインダーとして適用するものである。一般的に前者のゲル電解質はデバ
イスに柔軟性や薄型化などの利点を与えるが，従来の合成高分子に由来するゲル電解質で
は電極とゲルの接合性に関する問題を有しており、この原因から内部抵抗の増加や充放電
特性の低下、サイクル寿命の低下につながっている。また後者のバインダーは，近年リチ
ウムイオン電池で最も活発な研究がされている分野の一つであるが，研究が発展途上のた
め新規な材料の提案がほぼなされていないのが現状である．本研究では以上の分野におい
て新規材料として天然高分子の利用を検討した所，前述の問題点の改善の他、デバイスの
電気化学特性も改善されることを見出した．よって天然高分子は電気化学デバイスの材料
として様々な形で有効に機能する可能性を有しているものと思われる。本論文では以上の
検討の結果から、生体関連材料が電気化学デバイスにもたらす効果とその要因を解明する
こと、およびこの知見に基づき優れた電気化学デバイス材料を設計することに関してまと
めたので報告する。 
 
Section 1．天然高分子由来ゲル電解質の作製と EDLC への適用およびその効果の解明 
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Chapter.1 
 
天然高分子材料の一つであるアルギン酸を用いて，独自の手法により作製したゲル膜か
ら，非水系ゲル電解質を作製した．支持電解質塩にはイオン液体を適用し、様々な電気化
学測定により評価することで、一般的なセパレーターを有するイオン液体系 EDLC との特
性比較を行い、ゲル電解質適用による優位性の抽出に努めた。その結果，従来の合成高分
子由来のゲル電解質と比べて非常に高いイオン伝導性を有することや，適用した EDLC の
急速充放電特性が向上することを見出した．本章では主にアルギン酸ゲル電解質の EDLC
への適用について報告する． 
 
Chapter.2 
 
ここでは上記のアルギン酸由来非水系ゲル電解質に関して，これを用いた EDLC 特性の
電気化学的優位性を抽出する．EDLC 特性の中でもエネルギー密度向上において重要となる
耐電圧特性が良好であったことを見出し，さらに放電容量の抵抗損失が従来のイオン液体
系の EDLC より優れることが分かった．さらにこれらの効果の検証実験を行った結果，電
極近傍にアルギン酸が存在することで電極電解質界面の抵抗が低減することが分かった．
本章では主にアルギン酸が電極電解質の界面に及ぼす効果について報告する． 
 
Chapter.3 
 
新たな天然高分子材料としてキトサンを用い，同様にゲル電解質を作製して評価を行っ
た．アルギン酸ゲル電解質以上に機械的強度が高く柔軟なゲル膜が作製でき，キトサンゲ
ル電解質を用いた場合でも EDLC の急速充放電特性は向上することを見出した．ここでは
前章で行った評価に加え，詳細な電気化学測定手法により急速充放電特性の改善に関して
の原因究明を行った．  
 
Chapter.4 
 
上記のキトサン由来非水系ゲル電解質に関して，これを用いた EDLC 特性の電気化学的
優位性を抽出する．また支持電解質として様々なイオン液体を適用することを検討し，ゲ
ル電解質の汎用性の検討も行った．その結果適用するイオン液体を問わず，従来のイオン
液体系を上回る EDLC 特性が得られた．またアルギン酸ゲル電解質と同様の機構で電極電
解質界面の抵抗が低減することが分かった．本章では主にキトサンが電極電解質の界面に
及ぼす効果について報告する 
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Section 2．LIB 用バインダーとしての天然高分子材料の利用 
 
Chapter.5 
 
 近年、当研究室ではアルギン酸塩をバインダーとして利用可能であるという知見を見出
しており、新規電極構成部材として注目している。一般的に電極活物質を結着するバイン
ダーは、水系，非水系の２種類が存在する．これらは単に粒子を結着するだけではなく、
その性状と起因とした結着状態により電気化学デバイスの放電容量特性、レート特性、サ
イクル特性に大きな影響を与える。現在、負極のバインダーには水系のスチレンブタジエ
ンコポリマー(以下 SBR)が主に利用されており、低価格のため市場の 7 割近くを占める。
しかしながら SBR は単独では結着性を発揮せず、増粘剤かつ活物質の分散剤であるカルボ
キシメチルセルロース(以下 CMC)を伴って初めてバインダーとして機能する。そこで CMC
と同じセルロース骨格を有する複合糖鎖のアルギン酸が、同様に活物質の分散特性を示し、
またバインダーの機能である結着性を示すことが可能であれば、単独で機能するバインダ
ーとなることが期待される。本章では LIB における炭素負極用の新規バインダーとしてア
ルギン酸を適用した検討を報告する． 
 
Chapter.6 
 
前述の検討における負極での適用に対して，本章では正極バインダーとしてアルギン酸
を適用した結果を報告する．現在，市場の正極のバインダーは主にポリフッ化ビニリデン
を用いており，その分散溶剤には N-メチルピロリジノンであるためこれらは非水系バイン
ダーに分類される．耐熱耐薬品性に優れるものの，フッ素樹脂であることから高価である
ため更に安価な代替品として，水系バインダーの開発が求められている．しかしながら正
極活物質は水との反応により Li を溶出するため劣化し，さらに Li を溶出によって正極合剤
スラリーの pH を塩基性にすることから，塗工する際にアルミニウム集電体を腐食を引き起
こすなど多数の問題がある．本研究は以上の問題に対して優れた解決策を提案するもので
ある．本章では，アルギン酸をバインダーと pH 調整剤の両方を兼ね備える新規なバインダ
ーとして利用し，従来の非水系バインダーに劣らない電池特性を示したことに関して報告
する． 
 
以上 
 
  
5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright 2015 © Kazunari Soeda. All rights reserved. 
No part of this publication may be reproduced, stored in a retrieval system, or 
transmitted in any from or by any means, electronic, mechanical, photocopying, 
microfilming, recording, or otherwise, without written permission from the publisher. 
 
Printed in Japan 
  
6 
 
CONTENTS 
 
General Introduction ...................................................................................................... 9 
 
SECTION 1 
Preparation of Alg/IL or Chi/IL gel electrolyte and investigation of the various 
electrochemical performances. 
 
Chapter 1 
Alginate Gel Containing an Ionic Liquid and Its Application to Non-aqueous 
Elecrtic Double Layer Capacitors 
 
Introduction .................................................................................................................24 
Experimental ...............................................................................................................25 
Results and Discussion ...............................................................................................27 
Conclusion ...................................................................................................................36 
 
Chpter 2 
Outstanding Features of Alginate-Based Gel Electrolyte with Ionic Liquid for 
Electric Double Layer Capacitors 
 
Introduction .................................................................................................................40 
Experimental ...............................................................................................................41 
Results and Discussion ...............................................................................................44 
Conclusion ...................................................................................................................54 
 
Chapter 3 
Chitosan-based Gel Electrolytes Containing an Ionic Liquids for 
High-performance Nonaqueous Super CapacitorsAlginate 
 
Introduction .................................................................................................................58 
7 
 
Experimental ...............................................................................................................59 
Results and Discussion ...............................................................................................61 
Conclusion ...................................................................................................................70 
 
Chapter 4 
Application of Chitosan-based Gel Electrolytes with Ionic Liquids for 
High-performance and Safe Electric Double Layer Capacitors 
 
Introduction .................................................................................................................73 
Experimental ...............................................................................................................74 
Results and Discussion ...............................................................................................77 
Conclusion ...................................................................................................................88 
 
SECTION 2 
Binder application of alginate and alginic acid for LIBs 
 
Chapter 5 
Application of Alginate-binder to Carbon Anodes and Their Electrochemical 
Performance 
 
Introduction .................................................................................................................91 
Experimental ...............................................................................................................92 
Results and Discussion ...............................................................................................93 
Conclusion .................................................................................................................101 
 
Chapter 6 
Alginic Acid As a New Aqueous Slurry-Based Binder for Cathode Materials of LIB 
 
Introduction ...............................................................................................................103 
Experimental .............................................................................................................104 
Results and Discussion .............................................................................................105 
8 
 
Conclusion .................................................................................................................106 
 
PUBLICATION LIST ................................................................................................. 118 
ACKNOWLEDGEMENTS ....................................................................................... 121 
 
 
 
  
9 
 
General introduction of the energy storage device 
In recent years, energy and environmental concerns became a global-scale 
issue, which includes exhaustion of fossil fuel and global warming. It goes without 
saying that the origin of these concerns is dependent on oil, and it is urgent issue for 
international community to secure energy resources. Many approach to solve these 
problems have been developed for the last several decade, such as biomass energy 
source, solar cell, and hydrogen fuel etc., these are categorized as renewable energy, and 
more eco-friendly compared to conventional oil.[1] However, they are not the energy 
created by large-scale plant at the moment. Thus, it is important to built up energy 
storage system to make maximum use of these energy. Lithium ion battery (LIB) and 
electric double layer capacitor (EDLC) are the most promising to satisfy such demands. 
In Japan, the first commercial LIB and EDLC were created by Sony in 1991 and 
Matsushita (Panasonic) in 1978 respectively.[2, 3] They are initially applied to small 
system such as computer backup memory. However the application has since then 
expanded to cover large scale. The most important ones are automotive industry 
application such as electric vehicles (EV) and hybrid-electric vehicles (HEV).[4, 5] For 
example, practical model of hybrid truck which loads EDLC and LIB was fabricated by 
Nissan Diesel Motor Co. Ltd in 2002.[6] In this field, the customer market demands 
high energy densities and small sizes. Many research that apply next-generation 
technology to these devices have been conducted to fulfill these demands. 
 
Principle of EDLC and their characteristics 
The operating principle of EDLC is based on electric double layer between 
electrode and electrolyte interface. This system was first proposed by Becker in 
1957.[7] Since it does not participate in faradic reaction, EDLCs exhibit longer 
charge-discharge cycle performance (over 500,000 cycles) compared to other 
electrochemical devices such as rechargeable batteries.[8] Moreover, they possess 
extremely high power density. These feature are desirable for high power application 
such as UPS. EDLC are mainly composed of 2 pair of electrode and electrolyte. The 
capacitance of EDLC depends on the features of the electrode materials. The desirable 
conditions of electrodes are high surface area, high volume density, high electricity, 
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chemical stability and cost-effectively.[9] Activated carbon is generally used as active 
material which can fulfill these requirements. Electrolyte materials are chosen from both 
aqueous systems and non-aqueous systems. 
The energy density (W) and power density (P) of EDLC is described in the 
following equation. 
   
 
 
           
    
   
   
 
 
              
Where I is the current, V0 is starting voltage, Vf is the ending voltage, C is the 
capacitance, R is the internal resistance. Strong acids or bases such as H2SO4 or KOH 
are generally used as an electrolytes for aqueous system EDLC because of their high 
ionic conductivity. Thus, the aqueous system EDLC can provide significantly higher 
power density.[10-12] However, because of the decomposition of water, the operation 
voltage is limited to lower than 1.2 V and energy density is usually lower than that of 
non-aqueous system EDLC. On the other hand, differing from the aqueous system 
EDLC, operational voltage of non-aqueous system EDLC is not limited. Considering 
ionic conductivity, electrochemical window and operational temperature, ternary 
ammonium salt dissolved in aprotic solvents such as Triethylmethylammonium 
tetrafluoroborate (TEMABF4) in PC are usually used as electrolytes for non-aqueous 
system EDLC.[13] However, the ionic conductivity is generally 10 times lower than 
that of the aqueous electrolyte. In addition, the viscosity of organic solvents is generally 
high, and this may lead to increasing the internal resistance, resulting in lower power 
density. Moreover, organic solvents are flammable and volatile which also are safety 
hazards. To solve these problems, less-flammable or non-flammable electrolytes have 
been researched recently. For example, halogenated solvents such as fluorinated 
solvents or ionic liquids (IL) are mainly utilized for LIBs and EDLCs.[14-20] 
 
Ionic liquids 
“Ionic liquids” are salts which composed entirely of ions with melting point 
below 100C˚.[21] Since the discovery of chloroaluminate ionic liquid in early 1990s, 
various application studies have been progressed because of their unique feature which 
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are different from both water and organic solvents. [22-24] Typical features of ionic 
liquids are safety properties such as non-flammable and low vapor pressure, as well as 
high ionic concentration and high electrochemical potential window.[25] Based on these 
advantage, the expected uses are in the device application field such as LIB[26], 
dye-sensitized solar cell[27], fuel cell[28], etc. Our laboratory team has been reported 
that IL with FSI anion (especially EMIFSI) can provide significant high ionic 
conductivity (over 15 mS cm
-1
) and exhibit excellent charge-discharge performance 
than that of TEMABF4/PC, which is general non-aqueous electrolyte for EDLC.[29] 
The research on EDLC for motor vehicle application such as EV, HEV and fuel-cell 
vehicle is quickly expanding because their performance has been improved 
recently.[30] 
For example, in HEV application, fuel efficiency can be improved compared to 
conventional one by using EDLC as an electric regeneration system. 
The reason are mainly 2 parts 
1. stopping engine when idling 
2. energy regeneration at deceleration 
The regeneration system need energy storage device because of frequent engine 
start and motor driving and secondary batteries have so far been used as energy storage 
device.  
However, the secondary batteries cannot satisfy the performance demand of EV 
or HEV because large-scale charge discharge cycle in short time and long cycle life is 
needed in that application. On the other hand, EDLC has desirable properties for these 
demands, such as high charge discharge efficiency in large scale, long cycle life and 
harmful heavy metal free. Considering the safety problem itself must be important for 
large scale application. As a mentioned above, using non-flammable solvent or IL for 
electrolyte can prevent the fire or explosion hazards, but EDLC with liquid electrolyte 
has another problem: electrolyte leakage. Thus, there still remains the task of increasing 
size. 
 
Gel polymer electrolytes 
Gel polymer electrolytes are considered as key materials to solve these 
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problems. The gel polymer electrolytes possess high ionic conductivity, flexibility and 
enough mechanical strength, and it is easy to be thinned. Thus, these feature is 
beneficial to obtain thin and flexible device.[31-33] 
The advantages of utilizing the gel polymer electrolytes for EDLCs are 
1. it can prevent leakage hazard and improve the safety. 
2. it is expected to be thinned device with high durability 
Gel polymer electrolyte is categorized into 2 groups. One is the intrinsic 
polymer electrolyte, which is composed of only polymer and electrolyte salt.[34] Ionic 
conduction of this type is carried out by using polymer chain. The first report on the 
intrinsic polymer electrolyte was Na
+
 conduction occur in PEO, which reported by P.V. 
Wright.[35] The mechanism of ion transport is derived from interaction between etheric 
oxygen in polymer unit and cation.[36] They have been widely researched for LIB 
application.[37-40] However, the one with adequate ionic conductivity has not been 
developed yet. 
Another is gel electrolyte, which is mixture of swelling polymer and liquid 
electrolyte such as conventional organic electrolyte or ionic liquids. In this case, ionic 
conduction occur in the liquid electrolyte. Thus, gel electrolyte exhibit higher ionic 
conductivity than intrinsic polymer electrolyte, leading better device performance. Due 
to its advantage, gel electrolyte has been practically used up to now although it 
possesses organic electrolyte inside. PVdF-HFP has been widely used as polymer 
matrix. (Addition of HFP to PVdF form amorphous phase and prevent the leakage of 
organic electrolyte)[41, 42] 
However, gel electrolyte with organic electrolyte has many drawback such as 
electrochemical stability, thermal stability and volatilization of organic electrolyte 
inside.[43] Thus, it is important to choose the electrolyte with low volatility and high 
electrochemical and thermal stability. From these point of view, gel electrolyte with IL 
have been widely studies recently. This approach must be able to improve the safety 
problem since the IL itself is non-flammable material.[44-46] Table.1 shows various gel 
electrolyte with IL. Sutto evaluated the electrochemical properties of PEO and 
PVdF-HFP with IL.[47] Their data showed that PVdF-HFP exhibit better 
electrochemical properties as well as ionic conductivity than PEO. PEO, because of its 
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ability to interact with charged species via the oxygen atoms in the polymer chain, 
limits the ion mobility in the gel. On the other hand, PVdF-HFP which is nonpolar 
nature provides structural integrity, allowing for the formation of high ionically 
conductive channels. Lu et al. fabricated PVdF-HFP/EMImTFSI gel electrolyte and 
utilized it for EDLC.[48] This gel electrolyte has a wide electrochemical window of 4 V. 
they concluded that relatively slow charge/discharge process of the cell relates to 
limiting the mass-transfer kinetics of IL ions between the gel and the electrodes. 
Another interesting approach is using carbon nanotube in order to improve the rate 
performance.[49] Unfortunately, charge discharge capacity is lower than that with 
activated carbon electrodes in this case. PEO or PAN with various IL were also 
employed for EDLC application by Lewandowski et al.[50-52] However, the ionic 
conductivity of these gel electrolyte were lower than that of liquid IL. Thus, further 
improvement of device performance cannot be expected. Some cases show higher ionic 
conductivity than liquid IL, but it includes additive such as sulfolane.[53] 
In summary, gel electrolyte with IL is promising electrolyte material having 
high safety, but no effective way has been reported to secure a sufficient device 
performance. 
 
Characteristics of LIB and their recent trends 
One of the most attractive features of LIBs is their higher specific energy 
densities (Wh/kg) than other secondary batteries, such as lead-acid battery of Ni-MH 
battery since Li ion reversibly insertion/extraction proceeds at a high potential of more 
than 4.0 V for cathode and ca. 0 V for anode.[54, 55] To put it briefly, Li ion technology 
can provide a light-weight battery with a high capacity. For this reason, LIBs have 
become a prime candidate for electric vehicle application. Also, LIBs are rapidly 
improving, and demand is expected to increase as their area of application expands.[56, 
57] 
Since the energy density is depends on the reaction potential and capacity of 
active materials, LIB with higher energy density is obtained for a material with a higher 
potential and capacity. Thus, metal oxide including lithium and carbon are usually used 
as cathode and anode for LIB respectively.[58] 
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The performance of the practical LIB appears to have reached its limit and it is 
difficult for conventional materials to achieve further improvement. Recently, it is 
referred that binder which is not relate reaction affects the battery performance.[59-61] 
Actually, it is well known that aggregation of active materials causes less battery 
performance. Thus, highly dispersed slurry is one of the most important factor for the 
electrode preparation. At present, PVdF is used both for cathode and anode binder. 
The features of this conventional binder is summarized as follows: 
1. High durability under high voltage operation. 
2. Strong adhesion with a small content. 
NMP is usually used as good dispersant for PVdF. However, NMP is organic 
solvent and has the essential problems of environmental risks and costs.[62-64] 
Therefore, the use of aqueous binder is currently required. 
Aqueous binder has many unique merit such as cost effectiveness, high safety, 
environmental friendly. There are some report about the use of aqueous binder for 
cathode of LIBs, such as CMC and PAA.[65, 66] However, none of them exhibited 
good cycle performance, probably because alkaline remains in the aqueous slurry causes 
deterioration of the cathode active materials or corrosion of aluminum current 
collector.[67] Thus, pH control technology is very important for aqueous binder for 
cathode of LIB. Aqueous binder is already common for carbon anodes, but there are still 
some problem that is need to solve such as dispersion performance etc.. Thus, new 
binder materials which take into account the affinity to carbon are necessary to 
overcome these problems. 
 
The aim of this study 
Much effort have been concentrated on the development of gel polymer 
electrolyte with IL from the view point of high safety, but it have not reached practical 
use yet. The main reason prevent the practical use is the lower ionic conductivity that 
increase internal resistance of the cell, leading to low rate capability. Therefore, 
searching for suitable polymer matrix that overcome this problem is necessary to 
achieve the practical use. In addition, further development of binder technology is 
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required for LIB in order to achieve the aqueous system for cathode as well as high 
dispersant performance for carbon anode. 
In this study, we utilized natural polymer as both for polymer matrix of gel 
electrolyte with IL for EDLC and aqueous binder for LIBs. We previously reported that 
aqueous gel electrolyte made of cellulose and chitin, which is stable in acid media and 
abundant in nature exhibited excellent EDLC performance in H2SO4 electrolyte.[68-71] 
Moreover, charge discharge performance at elevated temperature was superior to that of 
conventional EDLC with liquid electrolyte. We also reported that alginate, which is also 
natural polymer derived from seaweeds was used as binder material for EDLC and 
achieved further improvement of EDLC performance by affinity between activated 
carbon and alginate.[72] 
These results indicate that the natural polymer could be suitable materials for 
energy storage devices. The natural polymer we used here are alginate (Alg, with 
counter cation as Na, Mg, Li), alginic acid (AlgH) and chitosan (Chi). The present study 
focused on the suitability of these natural polymer as polymer matrix of gel electrolyte 
or binder. 
 
The outline of this thesis on natural polymer as the device component both for 
EDLC and LIB is as follows; 
Section 1 deals with preparation of Alg/IL or Chi/IL gel electrolyte and 
investigation of the various electrochemical performances. 
 
Chapter.1 Alginate Gel Containing an Ionic Liquid and Its Application to 
Non-aqueous Elecrtic Double Layer Capacitors 
 Non-aqueous gel electrolytes based on an alginate (Alg) and 
1-ethyl-3-methylimidazolim tetrafluoroborate (EMImBF4) are prepared for electric 
double layer capacitors (EDLCs). The transparent colorless gel sheet has the high levels 
of mechanical strength and retentivity of ionic liquid needed to construct EDLC cells. 
According to charge/discharge measurements, a model EDLC cell with an 
Alg/EMImBF4 gel shows high discharge capacitance in spite of using a gel-state 
electrolyte, implying that high affinity of alginate for an activated carbon electrode 
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leads to a decrease in the electrode/electrolyte interfacial resistance. A test cell with 
Alg/EMImBF4 maintains its coulombic efficiency over 99.8% during 5,000 cycles.
 
 
Chapter 2 Outstanding Features of Alginate-Based Gel Electrolyte with Ionic 
Liquid on Electric Double Layer Capacitors 
An alginate-based gel electrolyte with an ionic liquid (Alg/IL) is investigated 
for EDLCs using several electrochemical measurements. The cell voltage drop for the 
cell with Alg/EMImBF4 (EMImBF4 = 1-ethyl-3-methylimidazolium tetrafluoroborate) 
and activated carbon fiber cloth electrodes (ACFC) is smaller than that with a 
liquid-phase EMImBF4 electrolyte. Moreover, the cell with Alg/EMImBF4 is 
electrochemically stable even under high voltage (~3.5 V) operation. To clarify the 
effect of the presence of the Alg in contact with the carbon electrode, we also prepared 
Alg-containing ACFC electrode (Alg-ACFC), and evaluated its charge-discharge 
characteristics in EMImBF4. The results proved that the presence of Alg neighbor on the 
active materials reduces the internal resistances of the cell and plays an important role in 
the improvement of the EDLCs performance. 
 
Chapter 3. Chitosan-based Gel Electrolytes Containing an Ionic Liquids for 
High-performance Nonaqueous Super Capacitors 
 Nonaqueous gel electrolytes based on chitosan and 
1-ethyl-3-methylimidazolim tetrafluoroborate (Chi/EMImBF4) are prepared for electric 
double-layer capacitors (EDLCs). The transparent colorless gel sheet has the high levels 
of mechanical strength and ionic liquid retention required in EDLC cells. 
Charge–discharge measurements revealed that a model EDLC cell with a chitosan gel 
exhibits high discharge capacitance although a gel-state electrolyte was used, indicating 
that the high affinity of chitosan for the activated carbon electrode decreases the 
electrode–electrolyte interfacial resistance. A test cell with Chi/EMImBF4 maintained a 
coulombic efficiency of more than 99.9% during 5,000 cycles.
 
 
Chapter 4. Application of Chitosan-based Gel Electrolytes with Ionic Liquids for 
High-performance and Safe Electric Double Layer Capacitors 
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Chitosan-based gel electrolytes with ionic liquids (Chi/IL) were prepared and 
investigated for EDLCs. The voltage drop for the test cell with Chi/EMImBF4  or 
Chi/DEMEBF4 (DEMEBF4 = N,N-diethyl-N-methyl-N-2-methoxyethylammonium 
tetrafluoroborate) and ACFCs was smaller than that with the corresponding ionic liquid 
electrolyte. To clarify the effect of the presence of Chi in contact with the carbon 
electrode, we also prepared the Chi-containing ACFC electrode (Chi+ACFC) and 
evaluated its charge-discharge characteristics in EMImBF4. The results proved that the 
presence of Chi on the active materials reduces the internal resistances of the cell and 
plays an important role in the improvement of the EDLC performance. In addition, 
high-voltage operation of the test cells with Chi-based gel electrolytes was investigated. 
These results suggest that the Chi is applicable to the practical high-performance and 
safe EDLCs. 
 
Section 2 deal with binder application of alginate and alginic acid for LIBs. 
 
Chapter 5. Application of Alginate-binder to Carbon Anodes and Their 
Electrochemical Performance 
Alginate salts (Alg-salt) were used as binders for graphite electrodes in both 
ionic liquid (IL)- and organic-electrolyte-based lithium-ion batteries (LIBs). Two 
different types of Alg-salt were used in this study: Alg-Na and Alg-Mg. According to 
the cyclic voltammograms and charge–discharge measurements, a graphite negative 
electrode with the Alg-Na binder in both IL and conventional organic electrolytes 
exhibited reversible and high C-rate capability compared with an electrode with an SBR 
binder. This implies that the high affinity of Alg for graphite electrode active materials 
decreases the electrode/electrolyte interfacial resistance. We also fabricated full cells 
composed of the prepared graphite electrode with Alg-salt and LiNi1/3Co1/3Mn1/3O2 
(NMC/C+Alg-X, X = Na
+
 or Mg
2+
). During high-voltage (3.0-4.5 V) operation, 
NMC/C+Alg-Mg showed the most stable cycle performance with high coulombic 
efficiency. These results suggest that the Alg-salt binder, especially the Alg-Mg binder, 
can be used in the fabrication of high-performance LIBs with either an IL- or 
organic-based electrolyte. 
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Chapter 6. Alginic Acid As a New Aqueous Slurry-Based Binder for Cathode 
Materials of LIB 
Alginic acid (AlgH) was used as binders for an aqueous-based cathode of 
lithium-ion batteries (LIBs). Because the AlgH is soluble only in an alkaline water (It is 
insoluble in pure water), we successfully obtained the pH-controlled aqueous slurry by 
an acid-base reaction between the AlgH and the cathode materials (exchange of H
+
 and 
Li
+
). The pH value reached to 4.4, which is acceptable for an aluminum (Al) current 
collector. Galvanostatic charge-discharge cycle performance was stable even at high 
voltage operation of 3.0-4.5 V, indicating that no side reaction occur in this system 
including corrosion of the aluminum current collector and the decomposition of AlgH 
binder. Moreover, this cell retains over 90% of initial discharge capacitance even after 
1100 cycles. These results suggest that the AlgH has potential to be used for cathode of 
LIB as an aqueous binder. 
 
  
19 
 
References 
[1] Mark Z. Jacobson, and Mark A. Delucchi, Scientific American, 301, 58 (2009). 
[2] Y. Nishi, J. Power Sources, 100, 101 (2001). 
[3] R. Kötz, and M. Carlen, Electrochim. Acta, 45, 2483 (2000). 
[4] E. J. Cairns and P. Albertus, Annu. Rev. Chem. Biomol. Eng., 1, 299 (2010).  
[5] S. Vazquez, S. M. Lukic, E. Galvan, L. G. Franquelo, J. M. Carrasco, IEEE 
transactions of Industrial Electronics, 57, 3881 (2010). 
[6] S. Nishikawa, M. Sasaki, A. Okazaki, S. Araki, T. Miyata, M. Nishina, JSAE Rev. 
240, 249 (2003). 
[7] H.E. Becker, U.S. Patent 2, 800, 616 (to General Electric Co.)(1957). 
[8] B.E. Conway, Electrochemical Supercapacitors, Plenum Publishing, New York 
(1999). 
[9] B.E. Conway, J. O’M. Bockris, I. A. Ammar, Trans. Faraday Soc. 47 756 (1951). 
[10] H .A. Andress, and B. E. Conway, Electrochum. Acta, 51, 6510 (2006). 
[11] S. T. A. Centeno, M. Hahn, J. A. Fernandez, R. Kotz, and F. Stoeckli,  
Electrochem. Commun., 9, 1242 (2007). 
[12] N. Wu, S. Wang, C. Han, D. Wu, and L. Shiue, J. Power Sources, 113, 173 (2003). 
[13] M. Ue, K. Ida, and S. Mori, J. Electrochem. Soc., 141, 2989 (1994). 
[14] J. Arai, J. Electrochem. Soc., 150, A219 (2003). 
[15] S. S. Zhang, K. Xu, and T. R. Jow, J. Power Sources, 113, 166 (2003). 
[16] X. Wang, E. Yasukawa, and S. Kasuya, J. Electrochem. Soc., 148, A1058 (2001). 
[17] S. Seki, Y. Kobayashi, H. Miyashiro, Y. Ohno, Y. Mita, A. Usami, N. Terada, and M. 
Watanabe, J. Electrochem. Solid-state Lett., 8, A577 (2005). 
[18] B. Garcia, S. Lavallée, G. Perron, C. Michot, and M. Armand, Electrochim. Acta, 
49, 4583 (2004). 
[19] J. Arai, J. Electrochem. Soc., 150, A219 (2003). 
[20] M. Ishikawa, T. Sugimoto, M. Kikuta, E. Ishiko, and M. Kono, J. Power Soueces, 
162, 658 (2006). 
[21] R. D. Rogers, and K. R. Seddon, Science, 302, 792 (2003). 
[22] M. Armand, F. Endres, D.R. MacFarlane, H. Ohno, B. Scrosat, Nature Materials, 8, 
621 (2009). 
20 
 
[23] C.J. Adams, M.J. Earle, G. Roberts and K.R. Seddon, Chem. Commun.2097 (1998). 
[24] X. Liang G. Gong, H. Wu, J. Yang, Fuel, 88, 613 (2009). 
[25] M. Galiński, A. Lewandowski, I. Stępniak, Electrochim. Acta, 51, 5567 (2006). 
[26] A. Lewandowski, A. Swiderska-Mocek, J. Power Sources, 194 621 (2009). 
[27] N. Yamanaka, R. Kawano, W. Kubo, N. Masaki, T. Kitamura, Y. Wada, M. 
Watanabe, S. Yanagida, J. Phys. Chem. B. 111, 4763 (2007). 
[28] T. Yasuda, A. Ogawa, M. Kanno, K. Mori, K. Sakakibara, M. Watanabe, Chem. Lett. 
38, 692 (2009). 
[29] N. Hanada, T. Sugimoto, M. Yamagata, M. Kikuta, M. Kono, M. Ishikawa, J Power 
Sources, 185, 1585 (2008). 
[30] A. Bruke, Int. J. Energy Res., 34, 133 (2010). 
[31] A. M. Stephan, K.S. Narm, polymer, 47, 595 (2006). 
[32] J. Y. Song, Y. Y. Wang, J. Power Sources, 77, 18 (1999). 
[33] X. Liu, T. Osaka, J. Power Sources, 144, 3066 (1997). 
[34] W. H. Meyer, Adv. Mater., 10, 439 (1998). 
[35] P. V. Wright, Brit. J. Polymer, 7, 319 (1975). 
[36] D. F. Shriver, G. C. Farrington : Chem. and Eng. News, May 20, 42 (1985). 
[37] A. Nishimoto, M. Watanabe, Y. Ikeda, S. Kohjiya Electrochim. Acta, 43, 1177 
(1998).  
[38] A. Nishimoto K. Agehara, N. Furuya, T. Wartanabe, M. Watanabe, Macromolecules, 
32, 1541 (1999). 
[39] S. Tabata, T. Hirakimoto, H. Tokuda, Md. A. B. H. Susan, and M. Watanabe, J. 
Phys. Chem. B, 108, 19518 (2004). 
[40] T. Niitani, M. Amaike, H. Nakano, K. Dokko, K. Kanamura, J. Electrochem. Soc. 
156, A577 (2009). 
[41] H. Gu, J. Kim, H. Song, G. Park, and B. Park, Electrochim. Acta, 45, 1533 (2000). 
[42] S. A. Hashimi, A. Kumar, and S. K. Tripathi, Ionics, 10, 213 (2004). 
[43] R. C. Agrawal and G. P. Pandey, J phys D: Appl Phys, 41, 223001 (2008). 
[44] A. Lewandowski, A. Swiderska, Solid State Ionics, 161, 243 (2003). 
[45] D. Wei, S J. Wakeham, T W. Ng, M J. Thwaites, H. Brown, P. Beecher, Electrochem 
Commum, 11, 2285 (2009). 
21 
 
[46] G P. Pandey, S A. Hashmi, Y. Kumar, J. Electrochem Soc, 157, A105 (2010). 
[47] T E. Sutto, J. Electrochem Soc., 154, P101 (2007). 
[48] W. Lu, K. Henry, C. Turchi, J. Pellegrino, J. Electrochem Soc., 155, A361 (2008). 
[49] W. Lu, L. Qu, L. Dai, K. Henry, Paper 178, presented at the 211th Electrochemical 
Society Meeting, Chicago, IL, May 6-11, 2007. 
[50] G P. Pandey, S A. Hashmi, J. Power Sources, 187, 627 (2009). 
[51] D. Kumar, S A. Hashmi, Solid State Ionics, 181, 416 (2010). 
[52] . N. Papageorgiou, Y. Athanassov, M. Armand, P. Bonhote, H. Pettersson, A. Azam, 
M. Gratzel, J. Electrochem Soc, 143, 3009 (1996). 
[53] A. Lewandowski, A. Swiderska, Solid State Ionics 161, 243 (2003). 
[54] G. A. Nazri and G. Pistoia, Lithium batteries: Science and Technology, Spriger 
(2009). 
[55] J. O. Besenhard, Handbook of Battery Materials, Wiley-VCH, (1999). 
[56] V. Etacheri, R. Marom, R. Elazari, G. Salitra, and D. Aurbach, Energy Environ. Sci., 
4, 3243 (2011). 
[57] M. M. Thackeray, C. Wolverton, and E. D. Isaacs, Energy Environ. Sci., 5, 7854 
(2012). 
[58] J. B. Goodenough, and K. S. Park, J. Am. Chem. Soc.,, 135, 1167 (2013). 
[59] W. R. Liu, Mo. H. Yang, H. C. Wu, S. M. Chiao, and N. L. Wu, Electrochem. 
Solid-state Lett., 8, A100 (2005) 
[60] J. M. Oh, O. Gelculescu, D. DesMarteau, and S. Creager, J. Electrochem. Soc.,, 158, 
A207 (2011). 
[61] I. Kobalenko, B. Zdyrko, A. Magasinski, B. Hertzberg, Z. Milicev, R. Burtovyy, I. 
Luzinov, and G. Yushin, Science, 334, 75 (2011). 
[62] M. Mancini, F. Nobili, R. Tossici, M. Wohlfahrt-Mehrens, and R. Marassi, J. Power 
Sources, 196, 9665 (2011). 
[63] Z. P. Cai, Y. Liang, W. S. Li, L. D. Xing, and Y. H. Liao, J. Power Sources, 189, 
547 (2009). 
[64] A. Guerfi, M. Kaneko, M. Petitclerc, M. Mori, and K. Zaghib, J. Power Sources, 
163, 1047 (2007). 
[65] Z. Wang, N. Dupré, A. C. Gaillot, B. Lestriez, J. F. Martin, L. Daniel, S. Patoux, 
22 
 
and D. Guyomard, Electrochim. Acta, 62, 77 (2012). 
[66] J. H. Lee, J. S. Kim, Y. C. Kim, D. S. Zang, and U. Paik, Ultramicroscopy, 108, 
1256 (2008). 
[67] Z. Szklarska-Smialowska, Corros. Sci., 41, 1743 (1999). 
[68] S. Yamazaki, A. Takegawa, Y. Kaneko, J. Kadokawa, M. Yamagata, M. Ishikawa, 
ECS Trans., 16, 38 (2008). 
[69] S. Yamazaki, A. Takegawa, Y. Kaneko, J. Kadokawa, M. Yamagata, M. Ishikawa, 
Electrochem. Commun., 11, 68 (2009). 
[70] S. Yamazaki, A. Takegawa, Y. Kaneko, J. Kadokawa, M. Yamagata, M. Ishikawa, J. 
Power Sources., 195, 1753 (2010). 
[71] S. Yamazaki, A. Takegawa, Y. Kaneko, J. Kadokawa, M. Yamagata, M. Ishikawa, J. 
Electrochem. Soc., 157, A203 (2010). 
[72] Yamagata, S. Ikebe, K. Soeda, and M. Ishikawa, RSC Adv., 3, 1037 (2013). 
  
23 
 
 
 
 
 
 
SECTION I 
 
Preparation of Alg/IL or Chi/IL gel electrolyte and 
investigation of the various electrochemical performances. 
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Chapter 1 
Advantages of the use of Alginate-Based Gel Electrolyte with Ionic Liquid on 
Electric Double Layer Capacitor Performance 
 
I-1-1. Introduction 
Electric double layer capacitors (EDLCs) have been developed for their 
practical applications as energy storage devices that have high power density and long 
cycle life. In particular, to satisfy the recent requirements of electric vehicles, 
non-aqueous EDLC systems utilizing an organic electrolyte (e.g., acetonitrile, propylene 
carbonate) have been widely studied because their wide electrochemical window can 
enhance the cell voltage and total stored energy of EDLCs.  
Room-temperature ionic liquids are excellent candidates for an electrolyte 
used by a non-aqueous EDLC because of their diverse properties such as wide 
electrochemical potential window, wide liquidus temperature range, and acceptable 
ionic conductivity. In particular, the application of these ionic liquids in EDLCs has 
been considered a safety measure that takes advantage of their lower flammability and 
lower reactivity when compared with conventional organic electrolytes. Several reports 
have already demonstrated how EDLCs can make use of ionic liquids such as 
EMImBF4 (EMIm
+
 = 1-ethyl-3-methylimidazolium)[1-5], EMImCF3SO3 [1, 2], 
EMIm(CF3SO2)2C [1], EMIm(CF3SO2)2N [1, 2, 5], EMm(C2F5SO2)2N[2], EMImTaF6 
[2], EMImNbF6 [2], EMIm(FH)2.3F[3], EMIm(FSO2)2N[6], BMImBF4 (BMIm
+
 = 
1-butyl-3-methylimidazolium)[5], BMImPF6 [5], BMPyr(CF3SO2)2N (BMPyr
+
 = 
N-butyl-N-methylpyrrolidinium)[5], DEMEBF4 (DEME
+
 = N, 
N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium)[7], and a binary mixture of 
EMImBF4/LiBF4 [8]. 
Energy storage devices often require the flexibility or durability of a 
solid-state electrolyte so they can be highly safe systems and also include thin-film or 
stacked cells. To this end, various gel-type electrolytes using ionic liquids have been 
prepared. As for application to EDLCs, several supporting polymers have been 
proposed and investigated, following the report of Lewandowski et al. on EDLC 
behavior with gel electrolytes containing ionic liquids[1]. The numerous ionic 
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liquid/polymer electrolytes investigated for EDLC performance have thus far included 
poly(acrylonitrile) (PAN)[9-11], poly vinylidene fluoride-co-hexafluoropropylene 
(PVdF-HFP)[10-13], poly(ethylene oxide) (PEO)[9-11, 14], poly(vinylalcohol) 
(PVA)[10, 11], poly(methylmethacrylate) (PMMA)[11], and poly(tetrafluoroethylene) 
(PTFE)[13] as the supporting polymer. However, few gel electrolytes show a specific 
capacitance and rate capability as high as those of the corresponding ionic liquid itself, 
presumably due to their lower ionic conductivity, which hinders the development of 
fully solid-state EDLC systems. 
Recently, we proposed a gel electrolyte based on typical polysaccharides 
(cellulose and chitin) for an aqueous EDLC and demonstrated the potential of these 
materials as a supporting polymer for gel electrolytes[1], even though cellulose and 
chitin have inadequate retentivity of non-aqueous electrolytes including hydrophobic 
ionic liquids[1]. Here we present the first report on an alginate-based gel electrolyte 
containing an ionic liquid for non-aqueous EDLCs. “Alginate (Alg)” is one of the 
common polysaccharides derived from brown seaweeds. It is a nature-friendly material 
with high abundance in nature, and so it is widely used as a raw material for cosmetics, 
food additives, and biochemical, medical and dental materials. We have successfully 
prepared a gel sheet of alginate/ionic liquid and applied it to non-aqueous solid-state 
EDLCs. 
 
I-1-2. Experimental 
I-1-2-1. Synthesis 
After a 3 wt.% solution of sodium alginate (NSPH2, FoodChemifa Co., Ltd.) in 
distilled water was cast on a leveled glass plate, it was immersed in a 1.0 mol dm
-3
 
sulfuric acid as a cross-linked agent for a few minutes at room temperature. 
Immediately after gelation, the hydrated gel film was washed with distilled water and 
immersed in a large excess of ethanol for 24 h. Then, the obtained cross-linked gel film 
was rinsed again with ethanol, followed by immersing in 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMImBF4, Kanto Chemicals Co., Ltd). The gel film containing 
EMImBF4 (Alg/EMImBF4) was finally obtained by drying under vacuum at 10
-2
 Pa at 
70C for 48 h. The thickness of the gel films was approximately 0.2 mm.  
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I-1-2-2. Measurements 
Activated carbon fiber cloths (ACC-562-25, Nippon Kynol Inc., geometric 
area: 0.785 cm
2
, specific surface area: ca. 1950 m
2
 g
-1
) were used as electrode-active 
material. A pair of electrodes (diameter: 10 mm) was immersed in EMImBF4 for 2 h 
under reduced pressure prior to assembling a test cell. The two-electrode symmetric test 
cell fabricated with the pair of electrodes and the gel electrolyte was employed for 
electrochemical measurements; all components were mounted in a Teflon container as 
the cell exterior with platinum current collectors. We also assembled a test cell 
containing liquid-phase EMImBF4 with a separator made of glass fiber (GB-100R, 
Advantec Toyo Kaisha, Ltd.) for comparison. EDLC performances of test cells were 
measured with a computerized battery charge/discharge analyzer (HJ-SM8, Hokuto 
Denko Co.). 
The discharge rate capability of EDLC was also estimated at various discharge 
current densities between 2.5 and 100 mA cm
-2
 after a constant-current charge to 2.5 V. 
Cyclic voltammetry was carried out in a cell voltage range between 0 and 2.5 V by 
using computerized electrochemical interface (SI-128787A, Solartron Analytical). 
Current leakage transition of the cell was measured while the cell was kept at 2.5 V for 
3 h, and then the self-discharge characteristic was evaluated under open-circuit 
conditions for 50 h. Furthermore, the charge-discharge cycleability was investigated at 
12.5 mA cm
-2
 up to 5,000 cycles.  
Several AC impedance measurements were run on the alginate gel by using 
SI-128787A connected to an impedance/gain-phase analyzer (SI-1260, Solartron 
Analytical) with applied AC amplitude of 10 mV and a frequency range from 500 kHz 
to 10 mHz. Ionic conductivity of the alginate gel was calculated from the measured 
resistance when the imaginary component at high frequency fell to zero by utilizing the 
test cell fabricated with a pair of platinum disk electrodes and a gel sample which were 
mounted in a Teflon
®
 container with platinum current collectors. Correspondingly, ionic 
conductivity of a liquid EMImBF4 was estimated by a commercially produced 
conductivity cell (SH1-Z + SH1-Z-SE, Toyo Co., Ltd) calibrated with a standard KCl 
aqueous solution. On the other hand, to evaluate an electrode/electrolyte interface, the 
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same two-electrode test cell described in charge/discharge measurements was also 
employed. The spectra were then fitted to an equivalent circuit and analyzed using 
Zview software (Scribner Associates). 
All electrochemical measurements were performed at room temperature of 
25C.  
 
I-1-3. Results and discussion 
 
 
 
 
 
 
 
 
 
Figure 1 Picture of the Alg (3%) /EMImBF4 gel sheet prepared in this study. 
 
Figure 1 shows a photograph of the obtained Alg/EMImBF4 gel sheet 
electrolyte. We successfully prepared a very thin film of Alg/EMImBF4 gel by 
impregnation of a sulfuric acid cross-linked alginate sheet with the ionic liquid. This 
transparent colorless gel sheet has the high levels of mechanical strength and retentivity 
of the ionic liquid needed to construct EDLC cells even after drying at 70C for 48 h. 
Figure 2 shows a charge-discharge curve for the EDLC test cell composed of 
the Alg/EMImBF4 gel electrolyte at a current density of 2.5 mA cm
-2
 and the maximum 
cell voltage of 2.5 V. A charge-discharge curve for liquid-phase EMImBF4 under the 
same conditions is also shown for comparison. Both test cells exhibit a typical 
triangular charge-discharge profile for EDLC with a small IR drop, and the symmetric 
profile indicates their high coulombic efficiency. According to the discharge curves, the  
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Figure 2 Charge-discharge curves of the test cells composed of Alg (3%) /EMImBF4 
() and EMImBF4 () at a current density of 2.5 mA cm
-2
. Maximum cell voltage is 
2.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Discharge capacitances as a function of current density for the EDLC test cells 
with Alg/EMImBF4 () gel electrolyte and liquid EMImBF4 ().  
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discharge capacitance for the Alg/EMImBF4 gel is comparable to that for the liquid 
EMImBF4. 
Discharge capacitances of the test cells with Alg/EMImBF4 as a function of 
applied current density (10 – 100 mA cm-2) are shown in Figure 3. The discharge 
capacitance of a single electrode in the present EDLC symmetrical cell is calculated 
according to the following equation; 
 
  (1) 
 
where i is the discharge current (A), W is the mass of the single activated carbon 
electrode (g), and ΔV/Δt is the average slope of the discharge curve, simply estimated 
with the discharge time (Δt, s) and the cell voltage difference during discharge (ΔV, V). 
[17-19] Charge/discharge measurements at various current densities reveal that the 
Alg/EMImBF4 provides higher discharge capacitance than the liquid EMImBF4 
electrolyte in the overall range of current density, although the discharge capacity of the 
cell with Alg/EMImBF4 shows 132 F g
-1
 at low discharge-rate of 2.5 mA cm
-2
, which is  
slightly larger than that with liquid EMImBF4 (128 F g
-1
). It should be noted that the 
alginate gel electrolyte exhibits an obvious contrast in the capacitance retention as the 
applied current density increases; the capacitance retention rate at 100 mA cm
-2
 are 
calculated to be 60 and 43 % for the test cell with Alg/EMImBF4 and liquid EMImBF4, 
respectively, thus, the alginate gel electrolyte has an advantage in high-rate EDLC 
operation.  
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Table I Ionic conductivity of Alg/EMImBF4, several gel electrolytes containing 
EMImBF4, and liquid EMImBF4 at 25 C. 
System σ / mS cm-1 Ref. 
Alg/EMImBF4 14.1 ± 0.1 This work 
PVdF-HFP/EMImBF4 (1/7 w/w) 11.0 12 
PEO/EMImBF4 (67.2/32.8 w/w) 0.6 9 
PAN/EMImBF4 (26.6/73.4 w/w) 6.6 9 
PTFE/EMImBF4 1.2 13 
EMImBF4 14.2 ± 0.1 This work 
PVdF-HFP; poly(vinylidene fluoride-co-hexafluoropropylene)  
PEO: poly(ethylene oxide) 
PAN: poly(acrylonitrile)  
PTFE: poly(tetrafluoroethylene) 
 
 
 
We estimated its ionic conductivity by AC impedance analysis using a symmetric cell 
with two platinum electrodes to clarify the mechanism of the improvement in discharge 
capacitance and rate performance. 
Table I summarizes ionic conductivities of the Alg/EMImBF4 and several gel 
electrolytes containing EMImBF4. Ionic conductivity of the Alg/EMImBF4 is 14.1 ± 0.1 
mS cm
-1
 at 25°C, which is significantly higher than that of other EMImBF4-based gel 
electrolytes, and is approximately the same as that of liquid EMImBF4 (14.2 ± 0.1 mS 
cm
-1
). However these results do not correspond to such an increase in the capacitance 
retention for the Alg/EMImBF4 at high-rate charging/discharging.  
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Figure 4 Cyclic voltammograms of test cells containing Alg/EMImBF4 () and 
EMImBF4 () at a scan rate of 5 mV s
-1
. 
 
 
Considering that the preparation procedure of the alginate gel is a cross-linked 
process by sulfuric acid,  one may suspect that kinds of pseudo-capacitance attributed 
to residual proton can contribute to the advantage in high-rate charging/discharging as 
well as the high ionic conductivity. So we also investigated this participation by cyclic 
voltammetry. Figure 4 represents a cyclic voltammogram for the test cell composed of 
Alg/EMImBF4 obtained at a scan rate of 5 mV s
-1
, which corresponds approximately to 
2.5 mA cm
-2
 charge/discharge rate. In the voltage range of 0-2.5 V, the voltammogram 
shows a typical trapezoidal profile of activated carbon in general organic electrolytes 
without any current peaks and is similar to the curve for liquid EMImBF4 except for the 
magnitude of current density, indicating that the electrode reaction of residual proton is 
negligible in this gel electrolyte. According to the cyclic voltammograms, both specific 
capacitances are estimated to be 125 and 110 F g
-1
, respectively; they are compatible 
with the tendency for the galvanostatic charge/discharge measurement as seen in Figure 
2. 
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The current leakage behavior of the test cell obtained at constant voltage 
floating (2.5 V) (shown in Figure 5a) makes it clear that the alginate doesn’t cause 
undesirable faradaic reactions, but rather eliminates leak current of the test cell. The 
voltage decay of the test cells under open-circuit conditions after constant-current 
charging to 2.5 V is shown in Figure 5b. Because of lower leakage current, the rate of 
the voltage decrease for Alg/EMImBF4 is slower overall than that for EMImBF4. Taking 
account of negligible impurities causing faradaic as well as ohmic leakage in both the 
cells, the observed excellent voltage retentivity of the test cell with Alg/EMImBF4 may 
be related to the improvement at the interface between an alginate gel and activated 
carbon electrode.  
Table II summarizes the capacitive and resistive elements estimated by fitting 
the Nyquist plots (Figure 6a) to an equivalent circuit model based on Ohzuku mode 
l[20] (Figure 6b), which includes an equivalent series resistance (Rs), double layer 
capacitance (CDL), the capacitance and resistance at electrode/electrolyte interface (Cdl 
and Rct), and Warburg diffusion element (Zw) given in Eq. 2.[21] 
 
   (2) 
 
where Rw is the limiting diffusion resistance, the time constant (Tw) equal to L
2
/D; L is 
the effective diffusion layer thickness and D is the effective diffusion coefficient, and 
the fractional exponent (Pw) varying between 0 and 1.  
 
 
Table II Components of the equivalent circuit fitted for the Nyquist plots shown in Figure 6a. 
Electrolyte Rs / Ω 
Warburg element characteristics Rct 
/ Ω cm2 
CDL 
/ F g
-1
 
Cdl 
/ F g
-1
 RW / Ω cm
2
 Tw / s Pw / - 
Alg/EMImBF4 1.8 13 309 0.19  * 138  * 
EMImBF4 2.5 18 177 0.25  * 134  * 
*A negligible value. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
Figure 5 (a)Potentiostatic current transitions with an applied voltage of 2.5 V, and 
(b)voltage decay under open-circuit conditions after constant-current charging to 2.5 V 
for the test cells containing Alg/EMImBF4 () and EMImBF4 () 
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First, the Nyquist plot of the test cell composed of Alg/EMImBF4 shows a clear 
increase in its specific double layer capacitance when compared with that of liquid 
EMImBF4; 138 F g
-1
 for Alg/EMImBF4 and 134 F g
-1
 for EMImBF4, supporting the 
results in the above-mentioned charge/discharge measurements. With resprect to 
Warburg elements, the limiting diffusion resistance (Rw) for Alg/EMImBF4 is lower than 
that for EMImBF4, suggesting enhanced ionic-diffusion conductance for the 
Alg/EMImBF4 system when compared to the EMImBF4 system.  As for the 
Alg/EMImBF4 system, however, the diffusion time constant (Tw) is slower and the the 
fractional exponent (Pw) is lower than the respective values for EMImBF4 system 
possibly due to the presence of Alg matrix. Nevertheless, as mentioned above, Rw with 
Alg is smaller than that without Alg. This probably implies that higher ionic carriers are 
available in the Alg/EMImBF4 system, which is originated from the “activated” 
electrode/electrolyte interface by the above-mentioned affinity. On the other hand, two 
possibilities can be considered for the apparent decrease of the Rs for the cell using the 
Alg/EMImBF4, which is inconsistent with the results in ionic conductivity. One is 
associated with the absence of a separator preventing the ion migration. The other is an 
indirect effect that expanding active site area at the electrolyte/electrode interface 
described above may also decrease the Rs value because the more available interface 
means increasing “active” end area of electrolyte bulk.  
Such a high affinity of alginate for activated carbon is so specific and thus has 
been utilized also for a different application; e.g., composite materials with alginate and 
activated carbon have been extensively investigated as an adsorbent for removing heavy 
metal and toxic organics due to the high dispersibility of activated carbon in alginate 
[22-24]—so we may conclude that the high affinity of alginate for the activated carbon 
electrode helps the absorption of ionic liquids on the surface of activated carbon, hence 
reduces ionic transfer resistance at the electrode/electrolyte interface, and improves its 
high-rate performance.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
Figure 6 (a)Electrochemical impedance profiles of the test cell containing 
Alg/EMImBF4 () and EMImBF4 (), respectively, with perturbation amplitude of 10 
mV from 500 kHz to 10 mHz Hz at open circuit potential. (b) The equivalent circuit 
model for evaluation of each elecment. 
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As Figure 7 indicates, the test cell with Alg/EMImBF4 maintains its coulombic 
efficiency over 99.8% during 5,000 cycles, suggesting that the alginate gel has a high 
retentivity of ionic liquids as well as high chemical/electrochemical stability. This result 
also proves that a proton or other residual components are absent in this gel electrolyte, 
since no decrease in coulombic efficiency caused by their faradaic reactions, is observed 
even in 2.5 V EDLC operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Coulombic efficiency of the test cell with Alg (3%) /EMImBF4 gel as a 
function of cycle number. Charge/discharge measurement was carried out at a constant 
current density of 12.5 mA cm
-2
. 
 
 
I-1-4. Conclusion 
A new Alg/EMImBF4 gel electrolyte for EDLCs was prepared. The test cell 
composed of activated carbon fiber cloth electrodes and Alg/EMImBF4 exhibited high 
discharge capacitance despite using gel electrolytes. In particular, Alg/EMImBF4 
enhanced the discharge capacitance and rate performance of a test cell compared with 
the corresponding cell using liquid EMImBF4, probably due to the high affinity of 
alginate for an activated carbon electrode. Moreover, the test cell containing 
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Alg/EMImBF4 achieved 5,000 cycles without degradation, and it showed restrained 
self-discharge. Therefore, applying alginate to a gel electrolyte can tap the full potential 
of ionic liquids for EDLCs as well as other electrochemical devices. Further 
investigation for its physicochemical properties of the alginate/ionic liquid gel 
electrolyte should be required to improve our understanding of the behavior and 
mechanisms of EDLCs. 
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Chapter 2.  
Outstanding Features of Alginate-Based Gel Electrolyte with Ionic Liquid on 
Electric Double Layer Capacitors 
 
 
I-2-1. Introduction 
Recent developments in energy storage devices that can deliver large amounts 
of energy at high power have addressed the limitations in using mobile equipment, 
electric vehicles, and transportable systems, as well as in realizing small energy grids 
employing renewable energy sources. Electric double layer capacitors (EDLCs) are 
promising energy storage devices because of their high power density and long cycle 
lives, which are due to the presence of an electric double layer at the 
electrode−electrolyte interface [1, 2]. Among the essential components of an EDLC cell, 
adequate electrolyte is necessary because it directly determines EDLC performances 
such as the rate characteristics and cycle life of the cell. Furthermore, to achieve high 
energy density, non-aqueous electrolytes are considered to be more favorable for 
EDLCs because of their wide electrochemical potential windows that provide high 
voltage operation, e.g., greater than 3 V [3]. 
Room-temperature ionic liquids (ILs) have attracted much attention as 
alternative electrolytes for EDLCs because of their unique properties, such as low 
volatility and low flammability, which can improve the safety of non-aqueous EDLCs 
[4-11]. The use of “liquid” IL electrolytes, however, may not be suitable for practical 
use when hazardous leakage is considered. Additionally, energy storage devices often 
require a solid-state electrolyte to construct not only high safety systems but also 
thin-film or stacked cells; hence, various gel-type electrolytes including ILs have been 
prepared [12-25]. Regarding EDLCs, various IL/polymer solid-state electrolytes have 
been proposed, thus far including poly(ethylene oxide) (PEO), poly(vinylalcohol) 
(PVA), poly(acrylonitrile) (PAN), and poly(vinylidene fluoride-co-hexafluoropropylene 
(PVdF-HFP), which show relatively high ionic conductivity, and achieve long-term 
cycling stability [26-28]. However, few EDLCs with these gel electrolytes show specific 
capacitance and rate performance as high as those with liquid-phase ILs; this is most 
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likely due to their lower ionic conductivity, thus hindering their practical application. 
Recently, we proposed an alginate-based gel electrolyte with an IL (Alg/IL gel 
electrolyte) as a non-aqueous electrolyte for EDLCs [29]. Alg is a popular 
polysaccharide derived from brown seaweeds, is environmentally-friendly, non-toxic 
and highly abundant in nature, and has various practical uses (e.g., in food additives, as 
raw material for cosmetics, and in biochemical and medical products). Our previous 
study suggests that the proposed Alg/IL gel electrolyte is a promising electrolyte for 
EDLCs because its ionic conductivity is higher than those of other IL-based gel 
electrolytes. Furthermore, we observed that the EDLC with the Alg/IL gel electrolyte 
showed excellent cycle performance and high rate capability, comparable with the cell 
composed of a liquid-phase IL electrolyte. Such high performance may have originated 
from the effects of the high affinity of Alg toward the electrode materials [30], which 
results in an improvement at the electrode−gel electrolyte interface. In this study, we 
investigate in detail the effect of the presence of Alg on/in the activated carbon electrode 
on EDLC performance using various electrochemical measurements to clarify the 
possible mechanisms of improving EDLC performance. 
 
I-2-2. Experimental 
I-2-2-1. Syntheses 
The Alg/EMImBF4 (EMImBF4 = 1-ethyl-3-methylimidazolium 
tetrafluoroborate) gel film was prepared according to the same procedure reported 
previousl [29]. Note that the content of the polymer matrix (i.e., Alg) in Alg/EMImBF4 
is only 3 wt.%, which is significantly lower than that in other conventional polymer 
electrolytes including approximately 10−60 wt.% ILs [19-37]. To clarify how the 
presence of Alg is involved in the charge transfer reaction at the electrode−electrolyte 
interface, Alg-containing activated carbon fiber cloth electrode (Alg+ACFC) was also 
prepared as described below. An Alg aqueous solution (3 wt.%), which was obtained by 
mixing sodium alginate (NSPH2, FoodChemifa Co., Ltd) and distilled water, was cast 
into an ACFC (ACC-562-25, Nippon Kynol Inc.; specific surface area: ca. 1950 m
2 
g
−1
). 
Then, the ACFC with sodium alginate was immersed in 1.0 mol dm
−3
 sulfuric acid as a 
crosslinking agent for a few minutes at ambient temperature. After gelation, the 
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obtained composite was thoroughly rinsed with distilled water, and immersed in ethanol 
overnight. Next, the composite ACFC was punched out to prepare a disk that was 10 
mm in diameter. The disk was rinsed again with ethanol, followed by immersion in 
EMImBF4 (Kanto Chemicals Co., Ltd.). The Alg+ACFC was finally obtained by drying 
under vacuum for 48 h at 10
−2
 Pa and 70°C.  
 
I-2-2-2. Electrochemical measurements 
Thermal analysis (TGA/DTG) of the Alg/EMImBF4 gel electrolyte was 
evaluated using a thermogravimetric analyzer (Shimadzu, TGA-50). The measurement 
was performed under N2 flow (50 mL min
-1
) with a heating rate of 2°C min
-1 
and a 
temperature range from 50 to 400°C. Ionic conductivity of the obtained Alg/EMImBF4 
gel electrolyte was evaluated via the AC impedance method using a computerized 
electrochemical interface (SI-128787A, Solartron Analytical) connected to an 
impedance/gain-phase analyzer (SI-1260, Solartron Analytical) with applied AC 
amplitude of 10 mV and frequency range from 500 kHz to 10 mHz. The ionic 
conductivity of the gel was estimated from the measured resistance when the imaginary 
component at high frequency fell to zero for a test cell fabricated with a pair of platinum 
disk electrodes and a gel sample that was mounted in a Teflon
®
 container with platinum 
current collectors. To evaluate the temperature dependence of the ionic conductivity, the 
test cell was located in a thermally controlled chamber (SU-241, SPEC Co.). 
The assembly of a two-electrode symmetric test cell with ACFCs and the gel 
electrolyte (Fig. 1a) is described in a previous report [29]. After a pair of ACFC 
electrodes was immersed in EMImBF4 for 2 h under reduced pressure prior to cell 
assembly, a two-electrode symmetric test cell with these electrodes and the obtained gel 
electrolyte was constructed for the electrochemical measurements. For comparison, we 
also assembled a test cell using a pair of ACFCs and liquid EMImBF4 with a separator 
(GB-100R, glass fiber, Advantec Toyo Kaisha, Ltd.) (Fig. 1b). Moreover, a cell 
containing the Alg+ACFC composite electrode with the EMImBF4 liquid electrolyte 
and a separator were also assembled as shown in Fig. 1c. The abovementioned 
components for cells were mounted in a Teflon container, which constituted the cell 
exterior, equipped with platinum current collectors. The whole assembly was performed 
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under a highly pure argon atmosphere in a glove box. Galvanostatic charge−discharge 
measurement was conducted with an upper cell voltage from 2.5 to 4.0 V at constant 
current densities of 10−100 mA cm−2 using a computerized battery charge−discharge 
analyzer (HJ-SM8, Hokuto Denko Co.). AC impedance measurements for the EDLC 
test cells were also performed to clarify the electrode−electrolyte interface. 
 
(a) 
 
(b) 
(c) 
 
Figure 1 Schematic illustration of the EDLC test cells constructed in this study.  
(a) ACFC|Alg/EMImBF4|ACFC 
(b) ACFC|EMImBF4|ACFC  
(c)Alg+ACFC|EMImBF4|Alg+ACFC 
  
Alginate-containning electrode
Separator
Alginate-containning electrode
Activated carbon electrode
Gel electrolyte
Activated carbon electrode
Activated carbon electrode
Separator
Activated carbon electrode
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I-2-3. Results and discussion 
It is important to evaluate the thermal stability of the Alg/EMImBF4 gel 
electrolyte because of the following concerns; the thermal stability of the alginate in a 
nonaqueous medium is simply unknown. Moreover, the scarcely remaining water, 
which is derived from the gel-preparation procedure, causes a hydrolysis of the alginate 
made up of chains of sugar units. Fig. 2 shows the TGA results for the obtained 
Alg/EMImBF4 gel and the liquid EMImBF4 electrolyte. Both electrolytes have minimal 
weight loss (less than 0.2 wt.%) below 280˚C. Thus water contamination in the obtained 
gel is negligible. Both electrolytes start decomposing from 280˚C, and noticeable 
weight losses (1 wt% loss) are observed at 380 and 320˚C for Alg/EMImBF4 and 
EMImBF4, respectively, suggesting that the alginate is thermally stable in nonaqueous 
medium and that the significant weight loss observed from 280˚C is clearly attributed to 
the thermal decomposition of not the alginate but EMImBF4. Judging from this result, 
the alginate has adequate thermal stability as a host polymer for gel electrolytes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 TGA curves of the Alg/EMImBF4 (-) and liquid EMImBF4 electrolytes (---) 
measured under N2 flow of 50 mL min
-1
 with a heating rate of 2˚C min-1 and a 
temperature range from 50 to 400˚C.  
Temperature / ˚C 
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Next, we confirmed EDLC performances of the cell with the Alg/EMImBF4 
gel electrolyte at high temperature. On the basis of the present results of the DTG 
analysis mentioned above, the Alg/EMImBF4 gel electrolyte has good thermal property 
and has potential to provide stable EDLC performances at an elevated temperature. Fig. 
3 summarizes discharge capacitances of the cells with Alg/EMImBF4 and EMImBF4 at 
various discharge current densities between 2.5 and 25 mA cm
-2
 (i.e. 0.28-2.8 A g
-1
) 
with an operation temperature of 60˚C. The discharge capacitance, Cdischarge, is 
calculated from the following equation [36] 
 (1) 
    (1) 
 
where I is a discharge current, ∆V is operation voltage, ∆t is discharge time 
corresponded to ∆V, and w is a mass of an active material. Even at 60˚C, 
Alg/EMImBF4 provides stable EDLC performance as supposed according to the 
above-mentioned thermal stability. Additionally, The discharge capacitance for 
Alg/EMImBF4 exceeds that for the liquid EMImBF4 electrolyte in the overall range of 
current density, which is almost consistent with our previous report. [28]  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Rate capability of the EDLC cells with the Alg/EMImBF4 (●) and the liquid 
EMImBF4 (○) electrolytes at 60˚C. The values of discharge capacitances plotted in this 
figure are estimated from the third cycle at each current density.  
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Since the contribution of cell voltage (V) in the specific energy (E) of EDLCs is squared 
(i.e., E = 1/2CV
2
, where C is the specific capacitance), high voltage operation would be 
strongly required to improve specific energy density. Fig. 4 shows the charge-discharge 
curves for the cells with Alg/EMImBF4 and liquid EMImBF4 at a current density of 2.5 
mA cm
-2
 with various upper-limit cell voltage values ranging from 2.5 to 4.2 V. Both 
cells are found to be electrochemically stable up to 3.5 V. Considering that both cells 
are fabricated with the same materials except for the use of the alginate gel film or glass 
fiber separator impregnated with liquid EMImBF4, the distortions of the triangular 
shape observed in both cells over 3.5 V are due to the decomposition of EMImBF4. This 
result suggests that Alg is electrochemically stable enough to withstand high voltage 
operation of the EDLCs.  
 
 
 
 
 
 
Figure 4 Charge-discharge curves for the EDLC cells with (a) the Alg/EMImBF4 and 
(b) the liquid EMImBF4 electrolytes at various cell voltages (2.5-4.0 V) with 
charge-discharge current density of 2.5 mA cm
-2
. 
  
Time / s 
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The alginate is a possibly suitable host polymer for gel electrolytes of EDLCs 
because of its thermal and electrochemical stabilities, but the most advantageous feature 
of applying the Alg-based electrolyte lies in providing high rate capability of an EDLC 
cell compared with the use of gel-type solid-state electrolyte [28]. Herein, the origins of 
the advantages of applying Alg as a host polymer of the gel electrolyte will be discussed 
from the viewpoint of two parameters - (a) ionic conductivity of the gel electrolyte and 
(b) resistivity at the electrode - electrolyte interface - clarify how Alg is involved in 
gaining high EDLC performances. Fig. 5 shows the charge-discharge curves for the test 
cells with Alg/EMImBF4 and liquid EMImBF4 at a relatively high current density of 50 
mA cm
-2
 with a maximum cell voltage of 2.5 V. The cell with Alg/EMImBF4 shows 
longer charge-discharge time compared with the cell with liquid EMImBF4. Based on 
the discharge curves, the discharge capacitances of the cell with Alg/EMImBF4 and that 
with liquid EMImBF4 are 89.7 and 76.3 F g
-1
, respectively, suggesting that its 
charge-discharge performance is improved by the use of the Alg-based gel electrolyte, 
which is further confirmed in our previous report as shown in Fig. 6a [28]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Charge-discharge curves for the EDLC cells with the Alg/EMImBF4 (-) and 
liquid EMImBF4 electrolytes (---) at current density of 50 mA cm
-2
.Operation voltage: 
0-2.5 V.  
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Here, focusing on an observed voltage drop at switching from charge to discharge (IR 
drop, indicated as arrows in Fig. 5), the IR drop for the cell with Alg/EMImBF4 is 
calculated to be 0.35 V, which is substantially half as large as that with liquid EMImBF4 
(0.72 V), suggesting that the use of the Alg-gel electrolyte obviously reduces the 
internal resistance of the cell. Consequently, the dependence of the IR drop on a certain 
discharge current density was evaluated and summarized in Fig. 6b. The estimated 
voltage drops for both cells increase linearly with increasing charge-discharge current 
density; however, the extent of voltage drop is mitigated when Alg-gel electrolyte is 
used. Furthermore, the dependence of the differential capacitance of the test cells on the 
discharge current density is also shown in Fig. 6b. The differential capacitance is 
calculated from the discharge curve slope, dV/dt, which corresponds to the capacitance 
derived from the formation of the electric double layer excluding the effect of the 
internal resistance (IR drop) of the cell (Fig. 6c). We observe that the cell with 
Alg/EMImBF4 maintains its differential capacitance in the whole range of current 
densities tested, while the cell with liquid EMImBF4 shows a slight decrease in the 
differential capacitance, particularly at high current density, because of the poor 
utilization of the activated carbon electrode surface. Therefore, loss in the discharge 
capacitance as observed in Fig. 6a is mainly affected by the internal resistance of the 
cells, whereas the presence of the Alg matrix can provide electrochemically active sites 
on the surface of activated carbon for the adsorption of charge carriers even at high 
current density over 60 mA cm
-2
. Thus far, it is clear that the cell with Alg/EMImBF4 
has lower internal resistance than that with the liquid EMImBF4 electrolyte. Fig. 7 
shows the temperature dependence of the ionic conductivity of the Alg/EMImBF4 gel 
electrolyte. The temperature dependence of the liquid EMImBF4 is also shown for 
comparison. Firstly, no significant disturbance in the temperature dependence of these 
ionic conductivities implies that the gel is thermally stable even with the use of a 
polysaccharide as discussed in the previous section. Then, as shown in Fig. 7, it should 
be noted that the ionic conductivity of the Alg/EMImBF4 gel electrolyte is not higher 
but slightly lower than that of the corresponding liquid EMImBF4 in the whole range of 
temperatures tested To evaluate the temperature dependence of their ionic conductivities, 
the obtained curves were fitted to the Vogel-Tamman-Fulcher (VTF) equation  
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Figure 6 (a) Discharge capacitance (Ref. 29), (b) cell voltage drop, and (c) differential 
capacitance as a function of various current density estimated using charge-discharge 
curves for the EDLC cells with the Alg/EMImBF4 gel electrolyte (●) and liquid 
EMImBF4 (○). Charge-discharge current density: 10-100 mA cm
-2
, cell voltage: 0-2.5 V. 
(d) Estimation of the differential discharge capacitance (C’) of a model EDLC cell using 
the discharge curve slope, dV/dt. [29, M. Yamagata et al., Solid-state Lett. 14 (2011) 
A165, with permission from The Electrochemical Society].  
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[33,34,37]. Because the ionic conductivities of both electrolytes exponentially fades as 
the temperature decreases; that is, they behave as non-Arrhenius systems, which is 
generally observed for gel electrolytes containing ILs; 
 
     (2) 
 
where A is a pre-exponential factor related to the number of charge carriers, EA is the 
activation energy for conduction, R is the universal gas constant, and T0 is the ideal 
glass transition temperature at which the conductivity reverts to zero. The estimated 
values of A, EA, and T0 are summarized in Table 1. The VTF A parameters and the 
activation energy EA for gel electrolytes were 20.4 S cm
−1
 K
−1/2 
and 5.4 kJ mol
−1 
respectively. These values are roughly comparable with those for the corresponding IL 
(24.3 S cm
−1
 K
−1/2 
and 5.2 kJ mol
−1 
respectively). However, the slightly lower A 
parameter for Alg/EMImBF4 may reflect a decrease in the absolute quantity of charge  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Temperature dependences of the ionic conductivities for Alg/EMImBF4 gel 
electrolyte (●) and the liquid EMImBF4 (○). 
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carriers, which is caused by the presence of the alginate host polymer in the electrolyte. 
Meanwhile, approximately the same EA values for both electrolytes probably indicate 
that relatively fast carrier-ion transfer is achieved even in the gel-type electrolytes, 
because of the moderately weak Coulombic interaction between IL and Alg. 
Nevertheless the ionic conductivity of the gel electrolyte cannot principally cause the 
low internal resistance and high rate characteristics of EDLC; hence the high rate 
performance of the EDLC with Alg/EMImBF4 presumably originates from the 
significantly low internal resistance at electrode-electrolyte interface rather than from its 
ionic conductivity. 
 
Table 1 Parameters describing fits to the VTF equation for ionic conductivities of the 
Alg/EMImBF4 gel electrolytes and EMImBF4 
Sysmtem A / S cm
−1
 K
−1/2
 EA / kJ mol
−1
 T0 / K (R) 
Alg/EMImBF4 20.6 5.4 159 0.999 
EMImBF4 24.3 5.2 163 0.999 
 
For a clear understanding of the role of Alg especially in the neighborhood of 
carbon electrodes, a cell composed of a pair of Alg + ACFC composite electrodes 
(pores in ACFC are filled with the Alg/EMImBF4 gel) and liquid EMImBF4 electrolyte 
with a separator (Fig. 1c) is constructed and evaluated using several electrochemical 
measurements. Serving more contact area of the activated carbon surface with the 
alginate in the electrode will elucidate a possible mechanism reducing the 
electrode-electrolyte interface resistance and giving high rate capability of EDLC. Fig. 8 
compares the charge-discharge curves for the cell assembled with Alg + ACFC (Alg + 
ACFC│liquid EMImBF4│Alg + ACFC) and with that assembled only with ACFC 
(ACFC│liquid EMImBF4│ACFC) at current densities of 10 and 100 mA cm
-2
. At the 
low current density of 10 mA cm
-2
 (Fig. 8a), the cell with Alg + ACFC exhibits a larger 
discharge capacity (116 F g
-1
) than that with liquid EMImBF4 (88 F g
-1
). Furthermore, 
the high discharge capacity for the Alg + ACFC electrodes is comparable with that 
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obtained using an ACFC-based EDLC cell with conventional organic solvent-based 
electrolytes such as N,N,N-triethyl-N-methylammnonium tetrafluoroborate (TEMABF4) 
dissolved in propylene carbonate (PC) (ACFC│TEMABF4/PC│ACFC, 104 F g-1 at the 
same discharge current density [9]). Notably, the cell with Alg + ACFC retains its 
discharge capacitance even if the pores inside the ACFC are filled with Alg, and the cell 
voltage drop is also reduced by the use of the Alg + ACFC electrodes. (0.18 V for Alg + 
ACFC│liquid EMImBF4│Alg + ACFC; 0.25 V for ACFC│liquid EMImBF4│ACFC) 
These results indicate that the presence of Alg near the electrode surface plays an 
important role in the improvement of the EDLC performance. For operation at a high 
current density of 100 mA cm
-2
, a large cell voltage drop is observed for the cell with 
Alg + ACFC, which is comparable to the drop for ACFC despite of the presence of a 
large amount of Alg gel inside the pores of the electrode (Fig. 8b). Therefore, 
remarkably high capacitance retention of the EDLCs canbe achieved when Alg exists 
near the surface of the active materials. The AC impedance responses of the cells with 
Alg + ACFC and ACFC are shown in Fig. 9. The shorter imaginary component of the 
cell with Alg + ACFC in the Nyquist plot corresponds to its higher specific capacitance 
than that with ACFC, which is consistent with the results of the galvanostatic 
charge-discharge measurements (Fig. 8). Observing the resistive component at high 
frequency, the series resistance for Alg + ACFC is larger than that for ACFC; 
additionally, a semicircle appears only for Alg + ACFC. In general, a semicircle in the 
high-frequency region represents the impedance of parallel resistance and capacitance at 
the contact interface such as that of active materials/electrolyte [25]. The observed 
semicircle, however, may be due to the lack of electric conductivity at the interface 
between ACFC and the platinum current collector [38] because excess of the Alg-gel in 
the ACFC leads to poor contact between the current collector and the electrode. In 
contrast, the resistive component for the cell with Alg + ACFC, which appears as a 
linear slope in the middle frequency region of 100-0.5 Hz (inset of Fig. 9), is relatively 
small compared with that for the cell with ACFC. The short slope for Alg + ACFC 
represents the low diffusive resistance of the charge carriers in the electrode pores, 
suggesting that the presence of Alg inside the electrode apparently promotes fast 
movement of the charge carriers. However, because the ionic conductivity of the  
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Figure 8 Charge-discharge curves for the EDLC cells with the Alg + ACFC electrode 
(-) and ACFC electrode (---) at charge-discharge current densities of (a) 10 mA cm
-2
 and 
(b) 100 mA cm
-2
. Operation voltage: 0-2.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Nyquist plots of the EDLC cells with the Alg + ACFC electrode (-) and ACFC 
electrode (---) at open circuit voltage and frequencies varying from 20 kHz to 10 mHz. 
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Alg/EMImBF4 gel electrolyte does not exceed that of liquid EMImBF4, such small 
diffusion resistance for Alg + ACFC arises from the good affinity between the activated 
carbon and Alg [29], which expands the active site where the charge carriers are stored.  
 
I-2-4. Conclusion 
gel electrolyte were investigated. The gel electrolyte starts decomposing at 280 
˚C, where not Alg but EMImBF4 thermally decompose. In addition, the EDLC cell with 
the Alg/EMImBF4 gel electrolyte exhibited stable chargeedischarge performance and 
high rate capability even at high temperature of 60˚C. On the other hand, the withstand 
voltage of the cell with Alg/EMImBF4 was ~3.5 V, which is comparable with that of a 
cell with the liquid EMImBF4 electrolyte, suggesting that the Alg matrix is 
electrochemically stable in the corresponding voltage range. Thus we conclude that the 
alginate is suitable host polymer for the gel electrolyte of EDLCs. Furthermore, the 
charge-discharge performances of the cell with Alg-gel revealed that using the 
Alg/EMImBF4 gel electrolyte significantly reduced the internal resistance of the cell. 
Judging from the results of ionic conductivity of the gel electrolyte, the lower internal 
resistance of the EDLC cell with the gel electrolyte is presumably attributed to the high 
affinity of Alg to activated carbon, which resulted in good penetration of the charge 
carriers to the carbon electrode surface. To understand the effects of employing Alg as a 
host polymer for the gel electrolyte, we prepared an Alg-gel-containing ACFC electrode 
(Alg + ACFC). The electrochemical behavior of the symmetric EDLC cell composed of 
the Alg + ACFC electrodes and the liquid EMImBF4 electrolyte proved that the 
presence of the Alg near the surface of the active materials plays an important role in 
improving of the EDLC performance. Our future work, which will include 
physicochemical and thermodynamic characterizations of the gel electrolyte, will show 
how the Alg host polymer retains the IL and how it influences the low 
electrolyte-electrode interfacial resistance.  
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Chapter 3. 
Chitosan-based Gel Electrolyte Containing an Ionic Liquid for High-performance 
Nonaqueous Supercapacitors 
 
 
I-3-1. Introduction 
Recent developments in energy storage systems that can deliver large amounts 
of energy and high power have addressed the limitations in the use of mobile equipment, 
electric vehicles, transportable systems, and small energy grids that employ renewable 
energy sources. Supercapacitors are a key device in these energy storage systems and 
are becoming widely accepted as practical energy storage devices for both standalone 
and battery powered usage. The reason is that their unique storage mechanism gives 
them a high power density and long cycle life. To satisfy the requirements for recent 
applications such as electric vehicles, nonaqueous electric double-layer capacitor 
(EDLC) systems using an organic electrolyte (e.g., acetonitrile, propylene carbonate) 
have been extensively studied because their wide electrochemical window can enhance 
the cell potential and total stored energy of EDLCs.  
Room temperature ionic liquids are excellent candidates for use as the 
electrolyte in nonaqueous EDLCs because of various properties such as a wide 
electrochemical potential window, wide liquidus temperature range, and acceptable 
ionic conductivity. Furthermore, the application of these ionic liquids in EDLCs is 
considered a safety measure that exploits their lower flammability and reactivity than 
conventional organic electrolytes. Several reports have already demonstrated how ionic 
liquids can be used in EDLCs.[1-8] 
Energy storage systems often require the flexibility or durability of a 
solid-state electrolyte in order to obtain high-safety devices that include thin-film or 
stacked cells. To this end, various gel-type electrolytes using ionic liquids have been 
prepared. Following the report of Lewandowski and Świderska on the behavior of 
EDLCs having gel electrolytes containing ionic liquids, several supporting polymers for 
application in EDLCs have been proposed and investigated.[9] To date, the numerous 
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ionic liquid/polymer electrolytes for EDLCs include poly(acrylonitrile)[9-11], poly 
vinylidene fluoride-co-hexafluoropropylene[10-13], poly(ethylene oxide)[9-11], 
poly(vinylalcohol)[10, 11], poly(methylmethacrylate)[11], and 
poly(tetrafluoroethylene)[13]. However, few gel electrolytes show a specific 
capacitance and rate capability as high as those of the corresponding ionic liquid itself, 
presumably owing to their lower ionic conductivity, which hinders the development of 
fully solid-state EDLC systems. 
We recently proposed a gel electrolyte based on an alginate and a hydrophobic 
ionic liquid for a nonaqueous EDLC and demonstrated the potential of these materials 
as a supporting polymer for gel electrolytes.[15] Here we present another 
polysaccharide-based gel electrolyte consisting of chitosan and a hydrophobic ionic 
liquid for nonaqueous EDLCs. Chitosan is a heteropolymer composed of 
D-glucosamine and a small fraction of N-acetyl-D-glucosamine residues; it is also the 
typical polysaccharide derived from the chitin found in crustaceans cells, insect 
exoskeletons, and fungi cell walls. It is an environment friendly material that is highly 
abundant in nature, and hence, it is widely used as a raw material for cosmetics, food 
additives, weight control products, water purification, and biochemical materials. We 
successfully applied a gel electrolyte consisting of chitosan and an ionic liquid to a 
nonaqueous solid-state EDLC and obtained its high-power charge–discharge 
characteristics. 
 
I-3-2. Experimental 
I-3-2-1. Synthesis 
After a 2-wt.% aqueous solution of chitosan (FH-80, KOYO Chemical Co., 
Ltd.) containing acetic acid was cast on a level glass plate, it was immersed in a 
10-wt.% sodium hydroxide aqueous solution as a cross-linking agent for a few minutes 
at room temperature. Immediately after gelation, the hydrated gel film was washed with 
distilled water and immersed in a large excess of ethanol for 24 h. Then, the obtained 
cross-linked gel film was rinsed again with ethanol, followed by immersion in 
1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4, Kanto Chemicals Co., Ltd.). 
The gel film containing EMImBF4, Chi/EMImBF4, was finally obtained by drying 
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under vacuum at 10
−2
 Pa at 70C for 48 h. The gel film was approximately 0.10 mm 
thick. 
 
I-3-2-2. Measurements 
Activated carbon fiber cloths (ACC-562-25, Nippon Kynol Inc., geometric 
area: 0.785 cm
2
, specific surface area: ca. 1950 m
2
 g
−1
) were used as the electrode active 
material. A pair of electrodes (diameter: 10 mm) was immersed in EMImBF4 for 2 h 
under reduced pressure before test cell assembly. A two-electrode symmetric model cell 
fabricated with these electrodes and the gel electrolyte was employed for 
electrochemical measurements; all components were mounted in a Teflon
®
 container 
forming the cell exterior with platinum current collectors. In addition, we assembled 
another model cell containing liquid-phase EMImBF4 with a separator composed of 
glass fiber (GB-100R, Advantec Toyo Kaisha, Ltd.) for comparison. The EDLC 
performance of the model cells was measured using a computerized battery 
charge–discharge analyzer (HJ-SM8, Hokuto Denko Co.). 
The discharge rate capability of each EDLC was also estimated at various 
discharge current densities between 2.5 and 100 mA cm
−2
 after a constant current charge 
upto 2.5 V. Cyclic voltammetry was conducted in the cell potential range 0-2.5 V by 
using a computerized electrochemical interface (SI-128787A, Solartron Analytical). The 
cell’s current leakage transition was measured while it was kept at 2.5 V for 3 h, and 
then, self-discharge characteristics were evaluated under open circuit conditions for 50 h. 
Furthermore, charge–discharge cyclability was investigated at 12.5 mA cm−2 up to 
5,000 cycles.  
Several AC impedance measurements were performed on the chitosan gel 
electrolyte by using the SI-128787A interface connected to an impedance/gain-phase 
analyzer (SI-1260, Solartron Analytical) with applied AC amplitude 10 mV and 
frequency range 500 kHz to 10 mHz. The ionic conductivity of the chitosan gel was 
calculated from the measured resistance when the imaginary component at high 
frequency fell to zero for a test cell fabricated with a pair of platinum disk electrodes 
and a gel sample mounted in a Teflon
®
 container with platinum current collectors. The 
ionic conductivity of liquid EMImBF4 was estimated by a commercially produced 
conductivity cell (SH1-Z + SH1-Z-SE, Toyo Co., Ltd.) calibrated with a standard KCl 
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aqueous solution. On the other hand, the same two-electrode test cell used for the 
charge–discharge measurements was employed to evaluate the electrode–electrolyte 
interface. The spectra were then fitted to an equivalent circuit and analyzed using Zview 
software (Scribner Associates). All electrochemical measurements were performed at 
25C. 
 
I-3-3. Results and Discussion 
We successfully prepared a very thin gel film of Chi/EMImBF4 by 
impregnation of a chitosan gel sheet with a hydrophobic ionic liquid. The obtained gel 
sheet was transparent and colorless and exhibited the high levels of mechanical strength 
and ionic liquid retention required in EDLC cells even after drying at 70C for 48 h. 
Figure 1 shows the charge–discharge curves for the EDLC model cell 
containing Chi/EMImBF4 at current densities 2.5 and 100 mA cm
−2
 with a maximum 
cell potential of 2.5 V. The charge–discharge curves for liquid-phase EMImBF4 under 
the same conditions are also shown for comparison. At a low current density of 2.5 mA 
cm
−2
 (Figure 1a), both model cells exhibit a typical triangular charge–discharge profile 
for an EDLC with a small cell potential drop; the symmetric profile indicates their high 
Coulombic efficiency. Moreover, the curve for Chi/EMImBF4 completely traced that for 
liquid-phase EMImBF4, suggesting that the discharge capacitance of the cell with the 
chitosan gel electrolyte is comparable to that of the cell with liquid EMImBF4. In 
contrast, the obtained charge–discharge curve at a high current density of 100 mA cm−2 
for Chi/EMImBF4 (Figure 1b) shows a relatively small cell potential drop and slope, 
probably because the chitosan gel decreases the cell resistance. 
The rate capability of the model cell with Chi/EMImBF4 is shown in Figure 2. 
The discharge capacitance of a single electrode in the present EDLC symmetrical cell is 
calculated as 
 
,  (1) 
 
where i is discharge current (A), W is the mass of the single activated carbon electrode  
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  (a) 
 
(b) 
 
Figure 1 Charge-discharge curves of test cells composed of Chi/EMImBF4 (—) and 
EMImBF4 ( ····· ) at a current density of (a)2.5 and (b)100 mA cm
−2
. Maximum cell 
voltage is 2.5 V. 
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Figure 2 Discharge capacitances as a function of current density for EDLC model cells 
with Chi/EMImBF4 (●) gel electrolytes and liquid EMImBF4 (□). 
 
 
(g), Δt is discharge time (s), and ΔV is cell potential difference during discharge.[16-18] 
The discharge capacitance of the cell at various discharge current densities reveals that 
Chi/EMImBF4 provides a higher discharge capacitance than the liquid EMImBF4 
electrolyte in the entire current density range. However, the discharge capacitance for 
Chi/EMImBF4 is 131 F g
−1
 at a low discharge rate of 2.5 mA cm
−2
, which is almost the 
same as that for liquid EMImBF4 (128 F g
−1
). In addition, the discharge capacitance of 
the model cell as the discharge current density increases with Chi/EMImBF4 clearly 
differs from that of the cell with liquid EMImBF4; the calculated capacitance retentions 
at 100 mA cm
−2
 are 63% and 43% of the initial capacitance at a current density of 2.5 
mA cm
−2 
for the model cells with Chi/EMImBF4 and liquid EMImBF4, respectively. 
We attempted to evaluate rate capability by estimating cell potential drop, 
ΔV)drop, and differential capacitance, Cdiff (Figure 3). Cdiff was calculated from the 
discharge curve slope, dV/dt. Figure 3a shows that the cell potential drop observed in 
the discharge curves increased linearly as the current density increased, but the extent of  
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 (a) 
  
(b) 
 
Figure 3 (a) Cell voltage drop and (b)differential capacitance estimated by 
charge/discharge profile of the model cell with Chi/EMImBF4 (●) gel electrolytes and 
liquid EMImBF4 (□). Current density: 10-100 mA cm
-2
, cell voltage: 0-2.5 V. 
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the potential drop was reduced by using the chitosan gel electrolyte. This advantage of 
the chitosan gel system might result from either the higher ionic conductivity of the gel 
electrolyte or a reduction in the interfacial resistance between the electrode and 
electrolyte. The comparison of the differential capacitance dependence of both model 
cells on discharge current density in Figure 3b reveals that the cell using Chi/EMImBF4 
maintains its differential capacitance in the entire current density range. On the other 
hand, the differential capacitance of the liquid EMImBF4 cell apparently decays, 
especially at high current densities of 50-100 mA cm
−2
, owing to the poor utilization of 
activated carbon electrode surface. Hence, the presence of a chitosan gel can support the 
penetration of charge carriers into an electrode surface despite high current discharge. 
Overall, the charge–discharge measurements indicate that a chitosan gel electrolyte is 
advantageous for high-rate EDLC operation. 
We estimated the ionic conductivity of the gel electrolytes by AC impedance 
analysis using a symmetrical cell with two platinum electrodes in order to clarify the 
mechanism of the improved discharge capacitance and rate performance. Table I 
Table I Ionic conductivity of Chi/EMImBF4, several gel electrolytes containing 
EMImBF4, and liquid EMImBF4 at 25C. 
System σ / mS cm−1 Ref. 
Chi/EMImBF4 16.3 ± 0.2 This work 
Alg/EMImBF4 14.1 ± 0.1 15 
PVdF-HFP/EMImBF4 (1/7 w/w) 11.0 12 
PEO/EMImBF4 (67.2/32.8 w/w) 0.6 9 
PAN/EMImBF4 (26.6/73.4 w/w) 6.6 9 
PTFE/EMImBF4 1.2 13 
EMImBF4 14.2 ± 0.1 This work 
Alg: alginate gel cross-linked by sulfuric acid 
PVdF-HFP: poly(vinylidene fluoride-co-hexafluoropropylene)  
PEO: poly(ethylene oxide) 
PAN: poly(acrylonitrile)  
PTFE: poly(tetrafluoroethylene) 
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summarizes the ionic conductivities of Chi/EMImBF4 and several gel electrolytes 
containing EMImBF4. The ionic conductivity of Chi/EMImBF4 is 16.3±0.2 mS cm
−1
 at 
25°C, which is significantly higher than that of the other EMImBF4-based gel 
electrolytes. Note that the ionic conductivity of Chi/EMImBF4 is slightly higher than 
that of liquid EMImBF4 (14.2±0.1 mS cm
−1
). We currently have no explanation for its 
superior ionic conductivity, but it may be attributed to the increasing “ionicity” of the 
ionic liquid[19] induced by the presence of chitosan, which has highly polar or highly 
polarizable substituents such as amino (R-NH2) and hydroxyl (R-OH) groups. However, 
a slight increase in ionic conductivity does not correspond to a large improvement in the 
capacitance retention of Chi/EMImBF4 in high-rate charging and discharging. 
Table II summarizes the capacitive and resistive elements estimated by fitting 
the Nyquist plots (Figure 4a) to an equivalent circuit model based on the Ohzuku 
model[20] (Figure 4b). The circuit includes an equivalent series resistance (Rs), a 
double-layer capacitance (CDL), capacitive (CIF) and resistive (RIF) elements at the 
electrode–electrolyte interface, and the Warburg diffusion element (Zw). Zw is obtained 
from[21] as 
 
, (2) 
where Rw is the limiting diffusion resistance. The time constant (Tw) is equal to L
2
/D, 
where L is the effective diffusion layer thickness and D is the effective diffusion 
coefficient. The fractional exponent (Pw) varies between 0 and 1. The model cell with 
Chi/EMImBF4 exhibits a specific double-layer capacitance (CDL) of 137 F g
−1
, which is 
slightly higher than that of the corresponding cell with liquid EMImBF4 (134 F g
−1
). 
This enhancement in CDL supports the results of the charge–discharge measurements 
described above. Moreover, the limiting diffusion resistance (Rw) of 11 Ω cm
2
 for 
Chi/EMImBF4 is much lower than that for liquid EMImBF4, suggesting that the 
Chi/EMImBF4 system exhibits enhanced ionic diffusion. 
In our previous study of a similar polysaccharide-based gel electrolyte 
composed of an alginate, we concluded that the relative increase in CDL and the lower 
Rw value arise only from a good affinity between the activated carbon electrode and the  
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(a) 
 
(b) 
 
Figure 4 (a)Electrochemical impedance profiles of model cells with Chi/EMImBF4 (●) 
gel electrolytes and liquid EMImBF4 (□) measured by fixing at perturbation amplitude 
of 10 mV in open-circuit potential and varying frequencies from 20 kHz to 10 mHz. 
(b)The equivalent circuit model for evaluation of each element.  
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*A negligible value. 
 
electrolyte, which expands the active site area at the interface.[15] Improving the 
affinity at the electrode–electrolyte interface may also decrease Rs because the greater 
available interface increases the “active” end area of the electrolyte bulk, as Table II in 
fact confirms: the Rs value for Chi/EMImBF4 is 1.3 11 Ω cm
2
, whereas that for liquid 
EMImBF4 is 2.5 11 Ω cm
2
. This high affinity of chitosan for activated carbon is very 
specific and thus has also been used for other applications. For example, composite 
materials containing chitosan and activated carbon have been extensively investigated 
as adsorbents for removing heavy metals and toxic organics because of the high 
dispersibility of activated carbon in chitosan.[22-23] Figure 5 also proves the high 
affinity of chitosan for activated carbons. In the mixture of activated carbon powders 
with a chitosan aqueous solution, the powders are highly dispersed in the solution, 
whereas, in a poly(ethylene oxide) solution (well-known host polymer for gel 
electrolytes), the powders gather and form larger aggregates. Therefore, we believe that 
the high affinity of chitosan for the activated carbon electrode facilitates the absorption 
of ionic liquids on the activated carbon surface, which reduces the ionic transfer 
resistance at the electrode–electrolyte interface and improves EDLC high-rate 
performance. However, the diffusion time constant (Tw) for the Chi/EMImBF4 system 
yields a shorter diffusion time than that for liquid EMImBF4; moreover, fractional  
 
Table II Components of the equivalent circuit fitted using the Nyquist plots in 
Figure 4a. Variables are defined in the text. 
 
Electrolyte 
Rs 
/ Ω cm2 
Warburg element 
characteristics RIF 
/ Ω cm2 
CIF 
/ F g
−1
 
CDL 
/ F g
−1
 
Ref. 
RW / Ω 
cm
2
 
Tw / s Pw / - 
Chi/EMImBF4 1.3 11 102 0.25  *  * 137 This work 
Alg/EMImBF4 1.8 13 309 0.19  *  * 138 15 
EMImBF4 2.5 18 177 0.25  *  * 134 15 
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Figure 5 Coulombic efficiency of test cell with Chi/EMImBF4 gel (●) and liquid 
EMImBF4 (□) as a function of cycle number. Charge/discharge measurement was 
carried out at a constant current density of 12.5 mA cm
−2
. 
 
exponent (Pw) is close to that of the EMImBF4 system, possibly because of the higher 
ionic conductivity of chitosan gel mentioned above. Thus, we conclude that these results 
probably imply that improvement in capacitive and resistive elements is caused not only 
by the presence of more ionic carriers in the Chi/EMImBF4 system, which originates in 
the “activated” electrode–electrolyte interface resulting from the above-mentioned 
affinity, but also by the quick supply of charge carriers achieved by the higher ionic 
conductivity of the chitosan gel. 
Long cycling tests were performed to evaluate cycle durability. Here we 
summarize the dependence of Coulombic efficiency on cycle number. Coulombic 
efficiency is calculated as C
 x
discharge/C
 x
charge × 100, where C
 x
charge and C
 x
 discharge are the 
charge and discharge capacitance at each cycle (x), respectively. As Figure 5 indicates, 
the model cells containing Chi/EMImBF4 and liquid EMImBF4 both maintained their 
Coulombic efficiency at more than 99.9% during 5,000 cycles, suggesting that the 
chitosan gel exhibits high retention of ionic liquids as well as high 
chemical/electrochemical stability. This result also proves that some residual 
components originating in the raw materials are absent in this gel electrolyte because we 
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observed no decrease in the Coulombic efficiency caused by their Faradaic reactions, 
even during 2.5 V EDLC operation.  
 
I-3-4. Conclusions 
A new Chi/EMImBF4 gel electrolyte for EDLCs was prepared. A test cell 
consisting of activated carbon fiber cloth electrodes and Chi/EMImBF4 exhibited high 
performance despite the use of a gel electrolyte. In particular, Chi/EMImBF4 enhanced 
the discharge capacitance and rate performance of the model cell compared with that of 
a corresponding cell using liquid EMImBF4. This can probably be attributed to the high 
affinity of chitosan for the activated carbon electrode and the higher ionic conductivity 
of the gel electrolyte. Moreover, the model cell containing Chi/EMImBF4 achieved 
5,000 cycles without degradation. Therefore, applying chitosan to a gel electrolyte can 
realize the full potential of ionic liquids for EDLCs as well as other electrochemical 
devices. Further investigation to clarify the effects of the affinity of chitosan to an 
activated carbon electrode on the electrochemical behavior are needed to improve our 
understanding of the charge-storage mechanisms of EDLCs utilizing a chitosan gel. 
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Chapter 4 
Application of Chitosan-based Gel Electrolytes with Ionic Liquids for 
High-Performance and Safe Electric Double Layer Capacitors 
 
I-4-1. Introduction 
Electric double-layer capacitors (EDLCs) are promising energy storage devices 
whose mechanism is based on the electric double layer formed at the 
electrode-electrolyte interface. EDLCs have been widely used especially as power 
supplies for many electric devices, owing to their high power density and long cycle 
life.[1,2] Electrolytes are among the important components of EDLCs and they directly 
determine EDLC performance, such as charge-discharge rate property, operation voltage, 
and cycle life of the cell. To achieve a higher energy density, non-aqueous electrolytes 
are considered to be more favorable for EDLCs owing to their wide electrochemical 
potential windows that provide high-voltage operation, i.e., higher than 3 V.[3] 
Room-temperature ionic liquids (ILs) have attracted considerable attention as 
alternative non-aqueous electrolytes for EDLCs because of their unique properties such 
as low volatility and low flammability, which can improve the safety of EDLCs.[4-11] 
ILs, however, may not be suitable for practical use because of hazardous electrolyte 
leakage. Therefore, we believe that solid-state electrolytes have become the key 
materials in developing safe EDLCs. For example, Lewandowski and Świderska 
reported that IL-containing gel-type electrolytes based on synthetic polymers, such as 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), showed relatively high 
ionic conductivity and the corresponding EDLC cells exhibited long-term cycle 
performance.[12] 
Recently, we proposed a chitosan-based gel electrolyte with IL (Chi/IL gel 
electrolyte) as a non-aqueous electrolyte for EDLCs.[13] Chitosan is a heteropolymer 
consisting of D-glucosamine and a small fraction of N-acetyl-D-glucosamine residues, 
and is also a typical polysaccharide derived from Chi found in the cells of crustaceans, 
the exoskeletons of insects, and the cell walls of fungi. It is highly abundant in nature 
and has the advantages of being an environmental friendly and low-cost material; hence, 
it is widely used as a raw material for cosmetics, food additives, weight control products, 
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water purification, and biochemical. Regarding the application to gel electrolytes for 
electrochemical devices, the use of the Chi can reduce the total cost and environmental 
burden when compared to the use of conventional host polymers, such as poly(ethylene 
oxide) (PEO) and PVdF. The results of our previous study suggested that the Chi/IL gel 
electrolyte was believed to be a promising electrolyte material for EDLCs because of its 
high ionic conductivity compared with that of other IL-based gel electrolytes. We also 
found that the EDLC based on the Chi/IL gel electrolyte showed an excellent cycle 
performance (over 5,000 cycles) with a higher discharge capacity. Such high 
performance might originate from the effects of the high affinity of Chi toward the 
electrode materials and results in improvement of the electrode/gel electrolyte interface. 
In this study, we further investigated the advantages of the use of Chi as the 
host polymer in a gel-type electrolyte including an ionic liquid, and discuss possible 
implications for improving EDLC performance by means of various electrochemical 
measurements. 
 
I-4-2. Experimental 
I-4-2-1 Syntheses 
The Chi/EMImBF4 (EMImBF4 = 1-ethyl-3-methylimidazolium 
tetrafluoroborate) and (DEMEBF4 = 
N,N-diethyl-N-methyl-N-2-methoxyethylammonium tetrafluoroborate) gel sheets were 
prepared by the same procedure that we previously reported.
13
 To investigate the effect 
of the presence of Chi on the surface of the active material, a Chi-containing activated 
carbon fiber cloth electrode (Chi+ACFC) was also prepared as described below. A Chi 
aqueous solution (2 wt.%), obtained by dissolving Chi (FH-80, KIMICA Corporation) 
in 2% acetic acid aqueous solution, was cast into an ACFC (ACC-562-25, Nippon 
Kynol Inc., specific surface area: ca. 1950 m
2 
g
−1
). Next, the ACFC with Chi was 
immersed in 1.0 mol dm
−3
 KOH solution as a crosslinking agent for a few minutes at 
ambient temperature. After gelation, the electrode obtained was thoroughly rinsed with 
distilled water and immersed in ethanol overnight. Next, the electrode was punched out 
into a disk shape with a diameter of 10 mm and rinsed again with ethanol, followed by 
immersion in EMImBF4 (Kanto Chemicals Co., Ltd.). The Chi+ACFC electrode was  
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(a) 
 
(b) 
(c) 
 
Figure 1 Schematic illustrations of the EDLC cell construction in this study. (a) 
ACFC|EMImBF4|ACFC, (b) ACFC|Chi/EMImBF4|ACFC, and (c) 
Chi+ACFC|EMImBF4|Chi+ACFC. 
 
  
ACFC
ACFC
ACFC
ACFC
Ionic liquid electrolyte
Chi-based gel electrolyte
Chi+ACFC
Chi+ACFC
Ionic liquid electrolyte
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finally obtained by drying under vacuum at 10
−2
 Pa at 70 °C for 48 h. 
 
I-4-2-2 Electrochemical measurements 
The ionic conductivity of the Chi/EMImBF4 gel electrolyte obtained was 
evaluated via an AC impedance method by using the SI-128787A connected to an 
impedance/gain-phase analyzer (SI-1260, Solartron Analytical) with an applied AC 
amplitude of 10 mV and a frequency range of 500 kHz to 10 mHz. The ionic 
conductivity of the gel was estimated from the measured resistance when the imaginary 
component at high frequency fell to zero for a test cell fabricated using a pair of 
platinum disk electrodes and a gel sample that was mounted in a Teflon
® 
container with 
platinum current collectors. To evaluate the temperature dependence of the ionic 
conductivity, the test cell was located in a thermally controlled chamber (SU-241, 
ESPEC Co.). 
An image of the two-electrode symmetric test cell with ACFCs and the gel 
electrolyte is shown in Figure 1b. After a pair of ACFC electrodes was immersed in 
EMImBF4 for 2 h under reduced pressure prior to cell assembly, the two-electrode 
symmetric test cell with these electrodes and the obtained gel electrolyte was 
constructed for the electrochemical measurements. For comparison, we also assembled 
a test cell using a pair of ACFCs and liquid EMImBF4 with a separator (GB-100R, 
Advantec Toyo Kaisha, Ltd.) (Figure 1a). The cell containing the Chi+ACFC composite 
electrode, the EMImBF4 liquid electrolyte, and a separator were also assembled as 
shown in Figure 1c. Because the solid gel electrolyte exists on the ACFC electrode, the 
internal resistance is higher than the other cell configurations mentioned above. All of 
the components were mounted in a Teflon container, which constituted the cell exterior, 
with Pt current collectors. The whole assembly procedure was performed under a highly 
pure argon atmosphere in a glove box. 
Chronoamperometric measurement was carried out with the cell voltage step 
applied from 2 to 2.5 V by using a computerized electrochemical interface (SI-128787A 
Solartron Analytical). Galvanostatic charge/discharge measurement was performed in a 
certain cell voltage range, with an upper cell voltage from 2.5 to 4.0 V at constant 
current densities of 10-100mA cm
−2
 using a computerized battery charge/discharge 
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analyzer (HJ-SM8, Hokuto Denko Co.). AC impedance measurements for the EDLC 
test cells were also performed to clarify the electrode/electrolyte interface. 
 
I-4-3. Results and discussion  
I-4-3-1 Ionic conductivity of Chi/IL gel electrolytes 
Figure 2 shows the temperature dependences of the ionic conductivity of the 
Chi/EMImBF4 (Figure 2a) and Chi/DEMEBF4 (Figure 2b) gel electrolytes as well as the 
corresponding liquids for comparison. It should be noted that both Chi-based gel 
electrolytes exhibited ionic conductivities in the whole range of the temperature as high 
as the corresponding liquid-phase electrolyte. Moreover, the gels are thermally stable, 
even with the use of a polysaccharide. These gels also demonstrated a comparable ionic 
conductivity to those of liquid-phase ionic liquids at low temperature. As shown in 
Figure 2, the ionic conductivities for all electrolytes exponentially faded as the 
temperature fell; that is, they behaved as a non-Arrhenius system, which is generally 
observed for gel electrolytes containing ionic liquids.[14-16] To evaluate the 
temperature dependence of their ionic conductivities, the obtained curves were fitted to 
the Vogel−Tamman−Fulcher (VTF) equation[17]: 
 
 (1) 
 
where A is a pre-exponential factor related to the number of charge carriers, EA is the 
activation energy for conduction, R is the universal gas constant, and T0 is the ideal 
glass transition temperature at which the conductivity reverts to zero. The estimated 
values of A, EA, and T0 are summarized in Table I. The VTF A parameters for gel 
electrolytes were lower than those for the corresponding ionic liquid, presumably 
because of the decrease in the number of charge carriers cased by the co-existence of 
supporting polymers. By contrast, the activation energy for the ionic conductivity of 
Chi/EMImBF4 and Chi/DEMEBF4 were 4.9 and 6.3 kJ mol
−1
, respectively. These values 
were slightly lower than those for the corresponding ionic liquids, EMImBF4 (5.2 kJ 
mol−
1
) and DEMEBF4 (6.5 kJ mol
−1), indicating that the small amount of fast carrier-ion  
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Figure 2 Temperature dependence of the ionic conductivity (a) for the Chi/EMImBF4 
gel electrolyte (●) and EMImBF4 (○) and (b) for the Chi/DEMEBF4 gel electrolyte 
(■) and DEMEBF4 (□).  
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Table I Parameters describing fits to the VTF equation for ionic conductivities of the 
Chi-based gel electrolytes and the neat ionic liquids. 
Sysmtem A / S cm
−1
 K
−1/2
 EA / kJ mol
−1
 T0 / K (R) 
Chi/EMImBF4 20.6 4.9 167 0.999 
Chi/DEMEBF4 27.5 6.3 193 0.999 
EMImBF4 24.3 5.2 163 0.999 
DEMEBF4 32.2 6.5 190 0.999 
 
transfer is achieved even in the gel-type electrolytes, probably because of the 
moderately weak coulombic interaction between ionic liquids and Chi.  
 
I-4-3-2 EDLC performance of Chi/EMImBF4 gel electrolyte 
Our previous report with regard to the Chi-based gel electrolyte described the 
improvement of an EDLC charge-discharge performance, particularly its rate capability 
by applying the gel electrolyte.[13] On the basis of the results of the ionic conductivity 
mentioned in Section I-4-3-1, the use of Chi as a host polymer for the gel electrolyte 
might not be able to provide such a high-rate performance of the EDLC with the 
electrolyte. Therefore, we assume that the good performance of the EDLC composed of 
the Chi-based gel (Chi/EMImBF4) was affected not by its ionic conductivity but by 
interfacial resistance. AC impedance analysis for the EDLC cell with Chi/EMImBF4 has 
already been investigated, and has proved the lower electrode/electrolyte interfacial 
resistance compared with the cell composed of liquid EMImBF4.[13] Herein, to further 
clarify the origins of such high-rate EDLC performance, we carried out 
chronoamperometric tests for the cell with the Chi/EMImBF4 gel electrolyte. The 
chronoamperometry must be an adequate technique for the practical evaluation for 
EDLCs because we can evaluate the kinetic behavior of the electrode from obtained 
current response. The current-time response of both cells with the Chi/EMImBF4 gel 
electrolyte and with neat EMImBF4 after the cell voltage changed from 2.0 to 2.5 V is 
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shown in Figure 3a. At initial time period ~2 s, the cell with Chi/EMImBF4 showed a 
higher current density than that with EMImBF4, indicating that the charge storage 
kinetics is relatively fast in the presence of the Chi matrix. After that, although a rapid 
current decay was observed for the cell with Chi/EMImBF4 gel electrolyte, the current 
for the cell with EMImBF4 decreased much more slowly. The observed current 
responses were plotted as a function of the application period (especially at the initial 
time region) in Figure 3b on a logarithmic scale. According to current decay after 0.025 
s at which the cell began charging, we estimated several EDLC parameters (series 
resistance of an electrolyte (Rsol), capacitance based on the charge storage in electric 
double layer (Cdl), and their RC time constant (Rsol·Cdl)) from the following equation: 
 
    (2) 
 
where i (A) is the observed current, V (V) is the cell voltage change, and t (s) is the 
application time. These estimated parameters are summarized in Table II. From this, the 
RC time constant and the value of Rsol for the Chi/EMImBF4 gel electrolyte were lower 
than those for EMImBF4. The use of the Chi-based gel, however, reduced the Rsol value 
more than expected in the discussion of its ionic conductivity. This suggests that the 
high affinity of Chi to an activated carbon provides active sites where the charge 
carriers are adsorbed/desorbed, which leads to the apparent decrease of internal 
resistance, Rsol. In addition, the increase in Cdl for Chi/EMImBF4 was consistent with 
the results of galvanostatic charge-discharge behavior as described in our previous 
report.[13] Figure 3c shows the cumulative coulomb transition during application time 
for both cells. After a rapid increase at a few tens of seconds, the cumulative coulomb 
for both cells became constant and reached the same value of approximately 0.31 C cm−
2
, indicating that both cells can store the same amount of electric charge with the same 
mechanism (i.e., electric double-layer-based storage mechanism). Comparing both 
curves, however, it was observed that no more than 30 s was required for the cell with 
Chi/EMImBF4 to reach the constant coulomb value, whereas the cell with neat 
EMImBF4 required over 50 s to finish being charged. Therefore, we conclude that the 
use of Chi-based gel electrolyte simply affects the charge-discharge kinetics of EDLC.  
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(d) 
 
 
 
  
  
Figure 3 Chronoamperograms for EDLC cells with Chi/EMImBF4 (●) and liquid 
EMImBF4 (▽) with step cell voltage, ΔV = 0.5 V (from 2.0 to 2.5 V) (a) for 100 s and 
(b) at the initial time region. (c) Total coulomb transition for EDLC cells with 
Chi/EMImBF4 (● ) and liquid EMImBF4 (▽ ). (d) Equivalent circuit model for 
evaluation of each parameter. 
 
Table II Calculated RC time constant value for EDLC cells with EMImBF4 and 
Chi/EMImBF4. 
 RC time constant / s Rsol /  Cdl / F 
Chi/EMImBF4 0.27 3.4 0.080 
EMImBF4 0.41 5.3 0.077 
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Hence, it follows that the use of a Chi-based gel for EDLCs is effective for fast 
charge-discharge operation, which is consistent with our previous results.  
 
I-4-3-3 Chitosan-containing electrode 
To investigate the effect of the presence of Chi in the vicinity of carbon 
electrodes, a cell composed of a couple of Chi+ACFC composite electrodes and a glass 
fiber separator impregnated with the liquid EMImBF4, as illustrated in Figure 1c, were 
evaluated by several electrochemical measurements. Figure 4 compares the 
charge-discharge curves of the cell assembled with the Chi+ACFC electrodes and that 
assembled with ACFC at current densities of 10 and 100 mA cm
−2
. At a low current 
density of 10 mA cm−
2
, the cell with Chi+ACFC exhibited a larger discharge capacity 
(110 F g
−1
) than that of the cell with liquid EMImBF4 (88 F g
−1
) (Figure 4a). Notably, 
the cell with Chi+ACFC retained its discharge capacitance even if the pores inside the 
ACFC were filled with Chi. The cell voltage drop (Vdrop) was also reduced by the use 
of the Chi+ACFC electrodes (Vdrop for Chi+ACFC was 0.15 V, and that for ACFC was 
0.24 V). These results prove the high-rate capability of the EDLC using the Chi-based 
gel electrolyte reported in our previous report, and indicate that the presence of Chi 
close to the electrode surface plays an important role in the improvement of the EDLC 
performance. For the operation at a high current density (i.e., 100 mA cm
−2
), a large cell 
voltage drop was observed for the cell with Chi+ACFC owing to a certain internal 
resistance, probably a contact resistance between the electrode and the current collector 
owing to a protruded gel (discussed below), but it was comparable to that observed for 
the cell with ACFC despite of a large amount of Chi-gel inside the pores of the electrode 
(Figure 4b). Figure 5 shows the Nyquist plots estimated by electrochemical impedance 
spectroscopy with a frequency range of 1 MHz to 10 mHz at a cell voltage of 0 V. 
Comparing the imaginary component of the Nyquest plot of both cells, the cell with 
Alg+ACFC improved its specific capacitance compared with ACFC. This is consistent 
with the results of the galvanostatic charge-discharge measurements as shown in Figure 
4. Focusing the resistive component observed as high frequency, the series resistance for 
Chi+ACFC was higher than that for ACFC; furthermore, a semicircle was observed 
only for Chi+ACFC. In general, the semicircle in the high-frequency region represents  
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Figure 4 Charge-discharge curves for EDLC cells with Chi+ACFC (–) and liquid 
EMImBF4 (---). Charge-discharge current density: (a) 10, and (b) 100 mA cm
−2 
, cell 
voltage: 0-2.5 V.  
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Figure 5 Nyquest plots of the EDLC cells with Chi+ACFC (—) and liquid EMImBF4 
(---) at open circuit potential and varying frequencies from 20 kHz to 10 mHz.  
 
the impedance of parallel resistance and capacitance at the contact interface, such as 
active materials/electrolyte.[14] However, the observed semicircle may be due to a lack 
of electric conductivity at the interface between ACFC and the Pt current collector[15]; 
the excess of Chi-gel covers the ACFC surface and leads to poor contact between the 
electrode and current collector. Then, the resistive component for the cell with 
Chi+ACFC, observed as the slope at a middle frequency (45° inclination at the 
frequency region of approximately100−0.5 Hz shown in the inset of Figure 5), was 
relatively small compared with that for ACFC. Because the component contributed to 
the limiting diffusion resistance, the presence of Chi inside the electrode apparently 
promotes fast-moving charge carriers. However, the ionic conductivity of the 
Chi/EMImBF4 gel did not exceed that of liquid EMImBF4, as shown in Figure 2, 
suggesting that the small diffusion resistance in the cell with Chi+ACFC arises from the 
good affinity between the activated carbon and the Chi-gel, which expands the active 
site where the charge carriers are stored. 
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Figure 6 Charge-discharge curves for EDLC cells with Chi/DEMEBF4 gel electrolyte 
(—) and liquid DEMEBF4 (---) at a current density of (a) 2.5 and (b) 50 mA cm
−2 
with 
operation cell voltage from 0 to 2.5 V.  
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I-4-3-4 Chi/DEMEBF4 gel electrolyte 
We prepared the Chi gel film containing a quaternary ammonium-based IL, 
DEMEBF4 (Chi/DEMEBF4), and constructed a two-electrode test cell composed of a 
pair of ACFC and Chi/DEMEBF4, as shown in Figure 1b. Figure 6 shows typical 
charge-discharge curves for both cell with Chi/DEMEBF4 and that with DEMEBF4 at a 
current density of 2.5 and 50 mA cm
−2
. The EDLC cell with the gel electrolyte could not 
operate at a high current density over 80 mA cm−
2
, probably owing to the low 
conductivity of the gel electrolyte, as described in Section I-4-3-1. At the low current 
density of 2.5 mA cm
−2
, both cells exhibit a typical charge-discharge profile for EDLC, 
and the curve for Chi/DEMEBF4 completely traces that for DEMEBF4. (Figure 6a) On 
the other hand, it was found that the cell with the gel electrolyte showed a lower cell 
voltage drop at the current density of 50 mA cm
−2
. (Vdrop for Chi/DEMEBF4 and 
DEMEBF4 were 1.61 and 1.77 V, respectively) (Figure 6b), which indicates that the 
effect of the presence of the Chi matrix at the electrode surface also appears even if a 
quaternary ammonium-based IL is employed.  
Finally, we investigated the withstand voltage of the cell with the Chi-based gel 
electrolyte. Figure 7 shows charge-discharge curves at a current density of 2.5 mA cm
−2
 
in the cell voltage range from 2.5 to 4.2 V for Chi/DEMEBF4 and liquid DEMEBF4. In 
addition, the coulombic efficiencies of the charge-discharge performance of the cells for 
each operation cell voltage are also represented. Judging from the curves and the 
coulombic efficiency, both cells are found to be electrochemically stable up to 4.0 V. 
Considering that both cells are fabricated using the same components except for an 
electrolyte, the distortion of typical triangular shape over 4.0 V is expected to be due to 
decomposition of DEMEBF4, suggesting that the electrochemical decomposition of Chi 
is negligible at this high-voltage operation.. 
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Figure 7 Charge-discharge curves for EDLC cells with (a) the Chi/DEMEBF4 gel 
electrolyte and (c) liquid DEMEBF4 at various cell voltages. Charge-discharge current 
density: 2.5 mA cm
−2
. (b and d) The corresponding coulombic efficiency of the cell is 
also shown as an inset. 
 
  
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 1000 2000 3000 4000 5000 6000 7000
C
e
ll	
vo
lt
ag
e
	/
	V
Time	/	s
(a)
30
40
50
60
70
80
90
100
110
2.5 3.0 3.5 4.0
C
o
u
lo
m
b
ic
	e
ff
ic
ie
n
cy
	/
	%
Upper	limit	voltage	/	V
(b)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 1000 2000 3000 4000 5000 6000 7000
C
el
l	
vo
lt
ag
e
	/
	V
Time	/	s
(c)
30
40
50
60
70
80
90
100
110
2.5 3.0 3.5 4.0
C
o
u
lo
m
b
ic
	e
ff
ic
ie
n
cy
	/
	%
Upper	limit	voltage	/	V
(d)
 
C
e
ll
 v
o
lt
a
g
e
 /
 V
 
 
C
e
ll
 v
o
lt
a
g
e
 /
 V
 
Time / s 
Time / s 
Upper limit voltage / V 
Upper limit voltage / V 
 
C
o
u
lo
m
b
ic
 e
ff
ic
ie
n
c
y
 /
 %
 
 
C
o
u
lo
m
b
ic
 e
ff
ic
ie
n
c
y
 /
 %
 
88 
 
I-4-4. Conclusion 
In this study, we further investigated the electrochemical characteristics of the 
EDLC cell with Chi/IL gel electrolytes. It was found that the charge storage process for 
the Chi/IL gel electrolyte is faster than that for the corresponding IL owing to the 
presence of the Chi matrix, which has potential to improve the rate performance of 
EDLCs. According to the results of chronoamperometry, the use of Chi-based gel 
electrolyte reduced inner resistance, improved electric double-layer capacitance, and 
shortened RC time constant, presumably caused by the high affinity of Chi toward the 
activated carbon which can support penetration of charge carriers to a carbon electrode 
surface. The effect of the presence of the Chi matrix in contact with the carbon electrode 
was also studied by using Chi-containing electrode, proving that the presence of the Chi 
matrix on the electrode surface plays an important role in the improvement of the EDLC 
performance. These advantages of the use of a Chi-based gel electrolyte can exploit the 
full potential of ionic liquid electrolytes for EDLCs. 
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SECTION II 
 
Binder application of alginate and alginic acid for LIBs 
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Chapter 5. 
Application of Alginate-binder to Carbon Anodes and Their Electrochemical 
Performance 
 
 
II-5-1. Introduction 
Carbon electrodes have been widely used as anodes for commercial lithium-ion 
batteries (LIBs), and their electrochemical performance is strongly affected by their 
components, which include a conductive material and a binder[1-4]. In particular, the 
choice of binder is critical in optimizing the performance of carbon electrodes. Recently, 
reversible behavior of a graphite electrode was reported to be achieved in a propylene 
carbonate (PC) electrolyte when poly(acrylic acid) (PAA) was employed as a binder[5], 
because PAA covers the surface of graphite and behaves as a suitable solid electrolyte 
interface (SEI). Komaba et al.[6] reported that reversibility of lithium intercalation at a 
graphite anode not only in PC but also in an ionic liquid (IL) electrolyte was improved 
by the use of polymer binders that contain oxygen functionalities, such as 
poly(methacrylic acid) (PMAA) and polyvinyl alcohol (PVA). Their proposed 
mechanism for these polymer binders is similar to that for PAA. Another report by 
Kovalenko et al.[7] has attracted great interest, because they successfully applied 
sodium alginate (Alg-Na) as a binder to a silicon-based anode for LIBs. Alg-Na is a 
typical polysaccharide derived from brown seaweed. It is a natural, highly abundant, 
and environmentally friendly material that is widely used as a raw material in cosmetics, 
food additives, and biochemical materials.  
We have previously reported on an alginate-based gel electrolyte containing IL 
as an electrolyte salt (Alg/IL gel electrolyte) for use in an electric double-layer capacitor 
(EDLC) with activated carbon electrodes[8]. Our previous work suggested that the 
Alg/IL gel electrolyte would be a promising electrolyte for EDLCs because of its higher 
ionic conductivity compared with that of other IL-based gel electrolytes. We also found 
that an EDLC with the Alg/IL gel electrolyte showed excellent cycle performance and a 
high rate capability compared to a cell composed of a liquid-phase IL electrolyte. 
Recently, we also proposed using an Alg-salt as a binder for a non-aqueous EDLC[9]. A 
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carbon-based EDLC cell with an Alg-salt binder and Alg/IL gel electrolyte exhibited 
excellent EDLC performance. Thus, alginate may be a promising candidate not only for 
IL electrolyte systems but also for non-aqueous organic electrolyte systems. We believe 
that such performance originates from the high affinity of the alginate matrix for the 
carbon electrode materials[10-12], which results in a low electrical resistance at the 
electrode/gel electrolyte or active material/electrolyte interface. This good affinity of 
Alg-Na for carbon materials can improve the C-rate capability of a graphite anode in 
LIBs. Our previous work revealed that the graphite negative electrode exhibited high 
rate capability in a conventional organic electrolyte (LiPF6/EC+DMC) and in an IL 
electrolyte (LiTFSI/EMImFSI (LiTFSI = lithium bis(trifluoromethanesulfonyl)imide, 
EMImFSI = 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide)) when compared 
with a similar electrode in polyvinylidene difluoride (PVdF); however, the long-term 
cycling tests of these cells revealed some problems[13]. In this study, graphite anodes 
for LIBs containing two types of Alg-X binders (X = Na
+
 or Mg
2+
) were prepared and 
evaluated by several electrochemical techniques to improve their C-rate and cycle 
performance in a conventional organic electrolyte and in an IL electrolyte. 
 
II-5-2. Experimental 
II-5-2-1. Synthesis 
We prepared two graphite electrodes: one composed of graphite, conductive 
carbon, and Alg-X (Alg-X, X = Na
+
 or Mg
2+
) and another composed of the same 
materials except the conductive carbon. The former graphite negative electrode was 
used for an organic electrolyte system. It was prepared by mixing 91 wt.% active 
material, 3 wt.% conductive agent (carbon black), and 6 wt.% Alg-salt binder dispersed 
in pure water. The resulting slurry was cast onto a Cu foil and dried at 80°C for 12 h 
under vacuum. The obtained electrodes were punched into disk shapes with a diameter 
of 12 mm for the LIB test cells. The latter electrode (active material: Alg-X = 94:6 by 
weight) was used for the test cell with an IL electrolyte to clarify the effect of the 
presence of the alginate binder surrounding the active material’s surface. For 
comparison, a graphite negative electrode with SBR binder was also prepared (active 
material: CMC-Na:SBR = 98:1:1 w/w). We also prepared LiNi1/3Co1/3Mn1/3 (NMC) 
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positive electrodes for a full test cell assembly by casting slurries of 85 wt.% NMC, 8 
wt.% carbon black, and 7 wt.% PVdF in NMP solvent onto an Al-foil current collector 
and dried them at 100°C for 12 h in a vacuum oven. The electrolytes used were 1 mol 
dm
−3
 LiPF6 + EC:DMC (1:1 by volume) as an organic electrolyte and 0.32 mol dm
−3
 
LiTFSI + EMImFSI as an IL electrolyte. 
 
II-5-2-2.Measurements 
Electrochemical measurements were performed on CR2032 coin-type cells, 
which were assembled with the graphite electrode, the electrolyte, a porous 
polypropylene separator, and Li metal foil (Li foil-based half-cell) in an argon-filled 
glove box. Full test cells were also assembled with the NMC cathode and the organic 
electrolyte. Cyclic voltammetry was conducted in a voltage range of 0.01-1.5 V with a 
scan rate of 0.1 mV s
−1
 using an electrochemical measurement unit (Solartron model 
1480 multi-stat). The charge and discharge measurements were performed in a voltage 
range of 0.005-1.5 V for the half-cell and 3.0-4.5 V for full test cells using a 
galvanostatic charge–discharge unit (Intex Co., BTS2004W) at a 1 C rate (1 C = 370 
mA g
−1
 for the half-cell, and 150 mA g
−1
 for the NMC/C cell). The rate capability test 
of the half-cells were measured by constant current–constant voltage (CC–CV mode) 
charging the cells to 0.01 V and then discharging them to 1.5 V at a charge–discharge 
C-rate that varied from 0.2 C to 5 C. Prior to the rate capability test, pre-cycling was 
conducted at a 0.1 C rate in a voltage range of 0.01-1.5 V for five cycles. 
 
II-5-3. Results and discussion 
II-5-3-1 Graphite electrode with an Alg-Na binder 
Figure 1 shows cyclic voltammograms of graphite electrodes with the Alg-Na 
binder and the SBR binder, respectively, in a LiTFSI/EMImFSI electrolyte. The 
voltammograms of both graphite electrodes indicate a typical reversible redox current 
response of lithium insertion/extraction at the carbon electrode. At approximately 0 V, 
the current peaks corresponding to the lithium insertion/extraction vs. Li/Li
+
 increase 
when the Alg-Na binder is used. The observed reduction current peak around 0.7 V for 
the first cycle is due to decomposition of the IL. The results indicate that the Alg-Na  
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Figure 1 Cyclic voltammograms of the graphite electrode composed of (a) the SBR 
binder and (b) the Alg-Na binder in 0.32 mol dm
−3
 LiTFSI/EMImFSI. 
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Figure 2 Discharge C-rate performance of the graphite electrodes with the SBR binder 
(♦) and the Alg-Na binder (●) in 0.32 mol dm−3 LiTFSI/EMImFSI. (open marks indicate 
corresponding coulombic efficiencies) 
 
binder can improve the electrochemical performance of the graphite electrode in IL 
electrolyte systems. Figure 2 shows the discharge C-rate performance of the graphite 
electrode with the Alg-Na binder in LiTFSI/EMImFSI (open marks indicate the 
corresponding coulombic efficiencies at the corresponding cycle number). The result for 
the graphite electrode with the SBR binder is compared in this figure. Although both 
cells exhibit discharge capacities lower than the theoretical capacity of graphite (ca. 370 
mAh g
−1
) because of the absence of conductive materials, the discharge capacity of the 
cell with Alg-Na is higher than that of the cell with SBR. When we focused on the 
capability at a high C-rate (5 C-rate), we found that the cell with Alg-Na retains over 
85% of its discharge capacity at a C-rate of 0.2, whereas the discharge capacity of the 
cell with the SBR binder rapidly decays during five cycles. Therefore, with respect to 
our previous work[13] comparing the rate capability of a graphite electrode with Alg-Na 
with that of an electrode having PVdF, the Alg-Na binder is the most useful among the 
three binders for high-rate LIBs.  
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Figure 3 Discharge C-rate performance of graphite electrodes with the SBR binder (♦), 
the Alg-Na binder (●), and the Alg-Mg binder (◌) with 1.0 M LiPF6/EC+DMC (1:1 by 
volume). (open marks indicate corresponding coulombic efficiencies) 
 
 
Next, we confirmed the charge–discharge behavior of the graphite electrode 
with the Alg-salt binder in a conventional organic electrolyte system, i.e., 1 mol dm
−3
 
LiPF6/ EC+DMC (1:1 by volume). Herein, we compared two types of Alg-X binders: 
Alg-Na and Alg-Mg. The discharge rate capability of the graphite electrodes with 
Alg-Na and Alg-Mg are shown in Figure 3. The result for the cell with SBR is also 
shown for comparison. All cells exhibited almost the same discharge capacity (i.e., 
~360 mAh g
−1
) at a low discharge rate of 0.2 C. However, at a high rate of 5 C, the rate 
capability of the cells with the Alg-Na and Alg-Mg binders surpassed that of the cell 
with SBR; the discharge capacity for the Alg-Na and Alg-Mg binders were estimated to 
be 300 mAh g
−1
 at a 5 C rate, which is approximately 10% higher than that for the SBR 
binder. 
 
 
 
 
0
50
100
150
200
250
300
350
400
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40
0.2C
0.5C
1C
2C
3C
5C
0.2C C
o
lu
m
b
ic
 e
ffic
ie
n
c
y
 / %
Cycle number / -
D
is
c
h
a
rg
e
 c
a
p
a
c
it
y
 /
 m
A
h
g
-1
SBR
Alg-Na
Alg-Mg
97 
 
 
Figure 4 Charge curves of the C/Li cells with the SBR, Alg-Na, and Alg-Mg binders. 
 
 
 
 
Figure 5 Discharge curves of the C/Li cells with the SBR, Alg-Na, and Alg-Mg 
binders. 
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To clarify the advantage of the use of Alg-salt binders, we constructed cells 
with a disadvantageous configuration by reducing the concentration of LiPF6 in the 
electrolyte to 0.1 mol dm
−3
. Figures 4 and 5 show the charge and discharge curves at a 1 
C rate for Alg-Na, Alg-Mg, and SBR systems in the low-lithium-concentration 
electrolyte. At a low electrolyte concentration, both the Alg-Na and Alg-Mg systems 
attained similar charge and discharge capacities, which were slightly higher than those 
of the SBR system. In addition, a relatively small polarization resistance was observed 
for the Alg-salt systems. This small resistance could be attributed to the presence of 
Alg-salt near the active material, which results in a decrease in the graphite/electrolyte 
interfacial resistance; thus leading to fast Li-ion insertion/extraction at the graphite 
electrode. These findings suggest that the Alg-salt binders, irrespective of the counter 
cation, can be used to fabricate high-performance LIBs. 
 
II-5-3-2 Full-cell performance using the Alg-salt binder 
Herein, we demonstrate the LIB performance of NMC-based full cells 
composed of a graphite negative electrode with Alg-salt binder. The charge–discharge 
cycle performance of the NMC/C cells using SBR, Alg-Na, and Alg-Mg as binders for 
the graphite electrode (NMC/C+SBR, NMC/C+Alg-Na, and NMC/C-Mg) are shown in 
Figures 6-8, respectively. Although NMC/C+SBR delivered the highest initial discharge 
capacity of approximately 180 mAh g
−1
, it showed gradual capacity decay due to the 
high operating voltage. In contrast, the discharge capacity of the NMC/C+Alg-Na cell 
significantly decreased early during the cycle, probably because of the ion exchange of 
Na
+
 by Li
+
[14]: 
 
 (Alg)−COO−Na+ + Li+   (Alg)−COO−Li+ + Na+ (1) 
 
The strong interaction between Li
+
 and Alg increases the stiffness of the alginate 
structure, which leads to an increase in the internal resistance of the cell as well as the 
loss of lithium ions. The capacity retention of NMC/C+SBR and NMC/C+Alg-Na after 
30 cycles was 73% (130 mAh g
−1
) and 61% (122 mAh g
−1
), respectively. In contrast, 
the NMC/C+Alg-Mg cell exhibited stable cycle performance with high coulombic 
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efficiency. Its discharge capacity after 30 cycles was still 140 mAh g
−1
 (93% of the 
initial discharge capacity), which suggests that Mg
2+
 with a high surface charge density 
is always coordinated with Alg and is never exchanged for Li
+
 ions. Thus, the stability 
of the Alg structure prevents the cell from losing its discharge capacity. 
 
 
 
Figure 6 Cycle performance of the NMC/C+SBR cell. Charge–discharge rate: 1 C = 
150 mA g
−1
. 
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Figure 7 Cycle performance of the NMC/C+Alg-Na cell. Charge–discharge rate: 1 C = 
150 mA g
−1
. 
 
 
 
 
Figure 8 Cycle performance of the NMC/C+Alg-Mg cell. Charge–discharge rate: 1 C = 
150 mA g
−1
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II-5-4. Conclusion 
Alg-salt binders were employed for graphite electrodes. The charge–discharge 
characteristics of the graphite negative electrodes were investigated in both ionic liquid 
electrolyte and conventional organic electrolyte systems. On the basis of the results of 
cyclic voltammetry and charge–discharge measurements, it can be concluded that the 
use of an Alg binder enhances the electrochemical performance of graphite electrodes in 
both electrolyte systems compared with the use of an SBR binder, presumably because 
of the high affinity of alginate for carbon materials. This conclusion was evidenced by 
the results obtained for test cells with an electrolyte that contained a low concentration 
of LiPF6 (0.1 mol dm
−3
); the obvious difference in charge–discharge curves was 
observed, and the use of Alg binders improved the reversibility of the graphite electrode. 
The charge–discharge cycle performance of the full cells composed of NMC positive 
electrodes and the graphite negative electrodes with the Alg binders were evaluated. The 
use of the Alg-Mg binder provided the most stable cycle performance with the highest 
coulombic efficiency, probably because the presence of Mg
2+
 stabilizes the alginate 
polymer structure and avoids being exchanged with Li
+
. These results suggest that the 
use of the Alg-salt binder enables the fabrication of high-power, stable LIBs. 
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Chapter 6. 
Alginic Acid As a New Aqueous Slurry-Based Binder for Cathode Materials of LIB 
 
II-6-1. Introduction 
LIBs are one of the most promising energy sources for use in portable electric 
devices or automotive applications because of their high energy density. One of the 
most attractive features of LIBs is their higher specific energy densities (Wh/kg) than 
other secondary batteries, such as lead-acid battery of Ni-MH battery since Li ion 
reversibly insertion/extraction proceeds at a high potential of more than 4.0 V for 
cathode and ca. 0 V for anode.[1-5] To put it briefly, Li ion technology can provide a 
light-weight battery with a high capacity. For this reason, LIBs have become a prime 
candidate for electric vehicle application.[6-9] In commercial LIBs, poly(vinylidene 
fluoride) (PVdF) is widely used as binder for a cathode due to its enough mechanical 
properties, relatively high oxidation durability and good electrochemical stability.[2] 
However, a large amount of PVdF binder (over 5 wt.%) is needed to obtain an electrode 
with enough adhesion strength, which may lead to poor high rate charge-discharge 
performance. Moreover, N-methyl-2-pyrrolidone (NMP) ,which is commonly used as a 
dispersant for PVdF suffers from the safety problem as they are toxic as well as 
flammable.[10-12] Thus, the switching from a using PVdF/NMP to an aqueous-based 
system is desired.[13-17] Recently, it has been reported that carboxymethyl cellulose 
(CMC) can be a promising aqueous-based binder for several cathode materials such as 
LiNi1/3Mn1/3Co1/3O2 (NMC)[18, 19], LiNi0.4Mn1.6O4 (LNM)[20], LiFePO4 
(LFP).[21-23] However few articles discuss about the long-term cycle performance 
depending on the water content of aqueous-based cathode and the pH value of aqueous 
slurry,[24] which is important because Al current collector is not stable in a strong 
alkaline solution.[25] 
In this work, we report a new aqueous-based cathode by using AlgH as a binder. 
AlgH is natural polymer, which is categorized as polysaccharide derived from brown 
seaweeds. In our previous study, we reported on the LIB performance of carbon anode 
with Alg-salt (Alginate, AlgNa or AlgMg) binder both in organic and ionic liquid 
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electrolyte systems, and showed its excellent cycle performance.[26] For the cathode 
application, other groups have utilized Alginate for NMC.[18] Unfortunately, the battery 
performance was quite low, presumably due to the lack of pH control. 
 Here, we propose another idea: using AlgH as an aqueous slurry-based binder 
for a cathode. Because the AlgH is soluble only in alkaline water (It is insoluble in pure 
water), we successfully obtained the pH-controlled aqueous slurry by acid-base reaction 
between the AlgH and the cathode materials (exchange of H
+
 and Li
+
). The LIB cell 
with the cathode with AlgH binder exhibited excellent cycle performance which is 
comparable to that with conventional PVdF binder. Thus we believe that AlgH is a 
promising candidate as an aqueous slurry-based binder for a cathode of LIB. 
 
II-6-2. Experimental 
II-6-2-1. Synthesis 
The NMC cathode was prepared as follows; 90 wt.% carbon material, 8 wt.% 
conductive agent (carbon black), and 2 wt.% AlgH binder were mixed and 
hand-grounded using a mortar, and were then dispersed in pure water (the solid content 
of slurry is ca. 60%). The resulting slurry was cast onto Al foil and dried at 1 0  C for 12 
h under a vacuum condition. The pH value of the slurry and the drying condition are 
discussed later. The obtained electrode film was punched to be a disk shape with a 
diameter of 12 mm for the LIB cell test. For comparison, the NMC cathode with CMC 
or PVdF binder (dispersed in NMP) was also prepared and dried at same condition as 
mentioned above. A graphite-based anode was also prepared for a full test cell assembly. 
An electrolytes used was 1 mol dm
-3
 LiPF6 in EC/DMC (1:1 by volume). The 
graphite-based anode was used for full cell configuration. It was prepared by mixing 95 
wt.% active material, 3 wt.% carbon black, 1 wt.% CMC, and 1 wt.% SBR binder 
dispersed in pure water. The resulting slurry was cast onto a Copper (Cu) foil and dried 
at 80°C for 12 h under vacuum.  
 
II-6-2-2. Measurements 
The pH value measurement is conducted as follows; 0.1 g of NMC and 5.0 g of 
pure water were mixed. After a rest period of 5 min, pH was measured by pH meter 
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(HM-20J, TOA DKK, Japan). Then, AlgH or CMC, AlgM (M=Na or Mg) was added to 
the solution and measured pH value again. The adhesion strength between electrode 
film and Al foil current collector was determined by 90˚ peel test. This test was carried 
out using a homemade stress-strain tester with constant peeling speed of 50 mm min
-1
. 
The sample size was 15 × 30 mm
2
. The swelling property of the electrodes was carried 
out as follows; the electrode was immersed in the electrolyte for 1 week at 60˚C. The 
electrode thickness was measured before and after storage by using micrometer 
(MDH-25M, Mitsutoyo, Japan). 
Electrochemical measurements were performed on CR2032 coin-type cells, 
which were assembled with the cathode, the electrolyte, a porous polypropylene 
separator, and Li metal foil (Li foil-based half-cell) in an argon-filled glove box. Full 
test cells were also assembled with the graphite-based anode. The charge-discharge 
measurements were performed in a voltage range of 3.0–4.2 V for the half-cell and 
3.0–4.2 or 4.5 V for full test cells using a galvanostatic charge–discharge unit (Intex Co., 
BTS2004W) at a 1 C rate (1 C=150 mA g
−1
). The rate capability test of the full-cells 
were measured by constant current–constant voltage (CC–CV mode) charging the cells 
to 4.2 V and then discharging them to 3.0 V at a charge–discharge C-rate that varied 
from 0.2 C to 5 C. Prior to the rate capability test, pre-cycling was conducted at a 0.1 C 
rate in a voltage range of 3.0–4.2 V for 2 cycles. 
 
II-6-3. Results and discussion 
Considering the casting aqueous slurry containing NMC on Al foil, the pH of 
slurry should be mentioned because hydrolyzed NMC gives alkaline solution. Generally, 
Al is rapidly corroded in alkaline solution, thus Al current collector must be damaged 
during electrode preparation, triggering poor cycle life. Therefore, we first pursued the 
role of AlgH on pH value of aqueous slurry containing NMC. Table I shows the results 
of pH measurement. The solution with CMC and AlgM (M=Na or Mg) remain the same, 
on the other hand, that with AlgH immediately changed their pH value to around 4.4, 
which is acceptable because the Al decomposition generally occurs in alkaline (pH ˃ 
8~10) aqueous media. Moreover, it showed almost the same pH value even after 1 week. 
The possible mechanism could be explained by proton exchange reaction; after the  
  
106 
 
Table I pH value of solution composed of NMC+H2O, NMC+H2O+AlgH, 
NMC+H2O+CMC, NMC+H2O+AlgNa, and NMC+H2O+AlgMg. 
 
Sample pH value 
NMC+H2O 10.5 
NMC+H2O+ AlgH 4.42 
NMC+H2O +CMC 10.4 
NMC+H2O +AlgNa 10.4 
NMC+H2O +AlgMg 10.4 
 
 
hydrolysis of NMC, AlgH dissolve in alkaline water via ion exchange of H
+
 by Li
+
 as 
follows[27]: 
 
 (Alg)−COO−H+ + Li+ OH-  (Alg)−COO−Li+ + H2O (1) 
 
H2O is generated again by dissolving AlgH and this seems to cause continuous 
extraction Li from NMC. As mentioned above, however, slurry keeps low pH value for 
long time scale, meaning that Li extraction no longer continue due to acid-base 
equilibrium. 
Figure 1 shows the result of the DTG analysis for AlgH. The first gradual 
weight loss from 50~180˚C is associated to the dissipation of water. The second 
significant weight loss starts at around 185˚C. This is obviously related to the thermal 
decomposition of AlgH. Judging from this result, drying temperature can be elevated to 
around 1 0˚C. Therefore, all of the aqueous-based NMC electrodes were dried at 1 0˚C 
to remove as much water as possible. The final water contents of each electrode was 
estimated by Karl-Fischer titration, shown in Table II. Unfortunately, it seems difficult 
to remove residual water completely from the aqueous-based electrodes. Table II also 
shows the adhesion properties of the electrode films to Al foil. All samples have same 
thickness including Al foil of 60 μm. Due to the large amount of binder contents (7 
wt.%), the NMC electrode with PVdF can provide overwhelming adhesion, which is  
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Figure 1 TG data of AlgH under Ar flow of 50 mL min
-1
. 
 
Table II Peel adhesion strength (between electrode film and Al foil), and H2O content of 
electrode composed of NMC+PVdF, NMC+AlgH, NMC+CMC, NMC+AlgNa, 
NMC+AlgMg. 
 
Electrode Peel adhesion 
(N/15 mm) 
H2O content 
(ppm) 
NMC+CB+PVdF 
(85:8:7 w/w) 
16.0 0 
NMC+CB+AlgH 
(90:8:2 w/w) 
8.28 72 
NMC+CB+CMC 
(90:8:2 w/w) 
5.07 64 
NMC+CB+AlgNa 
(90:8:2 w/w) 
7.17 88 
NMC+CB+AlgMg 
(90:8:2 w/w) 
3.81 60 
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Table III Swelling property of electrode composed of NMC+CB+PVdF, 
NMC+CB+AlgH. 
 
Electrode Swelling ratio (%) 
NMC+CB+PVdF 
(85:8:7 w/w) 
125 % 
NMC+CB+AlgH 
(90:8:2 w/w) 
100 % 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Charge-discharge curves of half-cells with AlgH, CMC, and PVdF binder. 
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more than twice as high as that of the AlgH-NMC electrode. However, the excess binder 
would be a possible cause for the increase of internal resistance, leading poor battery 
performance. Since the content of AlgH is only 2 wt.%, the AlgH-NMC electrode shows 
lower adhesion. Nonetheless, it is still better than other aqueous-based electrodes. 
Actually, the adhesion of a electrode with 2 wt.% of PVdF was too low to remain the 
electrode film. Thus, the aqueous AlgH binder allow us to reduce the binder content. We 
also checked the increase of electrode thickness after storage in the electrolyte for 1 
week at 60˚C. It is said that high swelling of pvdf in the electrolyte specifically at 
elevated temperature leads the large expansion of electrode film results in poor battery 
performance.[28] As shown in Table 3, electrode with PVdF thickness increased to 
125% of that before storage. On the other hand, the Alg electrode thickness remained 
unchanged after storage. This result means that Alg withstands extensive swelling in the 
electrolyte. 
Next, we confirmed the charge–discharge behavior of the NMC electrode with 
AlgH in Li half-cell configuration. Figure 2 shows the charge-discharge curves for 
AlgH, CMC, and PVdF systems at a 1 C rate. Although the aqueous binder system 
exhibited poor behavior, specifically high overvoltage during charge process, AlgH 
system showed comparable discharge capacity to the PVdF system. Considering from 
the result of the CMC system, the cause of both lower capacity and high overvoltage are 
due to the depletion of Li
+
 by hydrolysis of NMC during slurry preparation; the capacity 
and electric conductivity of NMC are depends on the total amount of Li. Herein, we 
compared two kinds of the electrode with different tap density of NMC; 3.2 g/cc and 3.5 
g/cc. The cycle performance of each electrode is shown in Fig. 3. Each cells exhibited 
almost the same discharge capacity (i.e., ~132 mAh g
−1
) at discharge rate of 1 C and 
operation voltage of 3.0-4.2 V. In other words, a NMC electrode with AlgH maintain 
stable cycle performance without any capacity loss even if the tap density is high. This 
property is strong advantage for practical use because generally the higher tap density, 
the lower electrolyte penetration which leads to lower cell capacity. 
Herein, we demonstrate the LIB performance of a graphite-based full cells 
composed of a NMC electrode with AlgH binder. The charge–discharge cycle 
performance of the full-cell in the voltage range of 3.0-4.2 V are shown in Figure 4a. 
The cells with CMC, and PVdF are also shown for comparison. Similar to the half cell 
configuration, the AlgH-full cell exhibited stable cycle performance. On the other hand,  
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Figure 3 Cycle performance of NMC/AlgH binder half-cell with different tap densities 
(a) 3.2 g/cc, (b) 3.5 g/cc. Charge-discharge rate: 1 C = 150 mA g
-1
. 
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Figure 4 (a) Cycle performance of the (●) NMC/AlgH binder, (▲) NMC/CMC binder, 
(♦) NMC/PVdF binder full-cell. Charge-discharge rate: 1C=150 mA g-1. Operation 
voltage: 3.0-4.2 V, (b) Cycle performance of the NMC/AlgH binder. 
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CMC-full cell showed fast capacity decay in a few cycles although the water content of 
the electrode with CMC was lower than that of AlgH as given in Table 1. Referring our 
previous study, this might be due to ion exchange of Na ion by Li ion that could lead 
irreversible consumption of Li from NMC, but it still need further investigation.[26] 
Comparing to conventional PVdF system, AlgH system deliver lower discharge 
capacity of approximately 120 mAh g
−1
, which is also less than that for half cell. This 
must be due to the depletion of a small amount of Li
+
 by hydrolysis of NMC during 
slurry preparation. The higher discharge capacity of the half-cell is could be explained 
by the inexhaustible supply of Li
+
 from Li foil that compensate the depleted Li
+
 and 
retain the high capacity. Nonetheless the full-cell performance of AlgH is quite stable 
with high coulombic efficiency. 
We present here the performance of a NMC-based full cell in high operation 
voltage of 4.5 V in Figure 4b. No significant capacity fading was observed during 100 
cycle even at 4.5 V. This result indicates that no side reaction occur in this system 
involving a corrosion of Al current collector and a decomposition of AlgH binder. 
To clarify the advantage of the use of AlgH binders, we conducted the rate 
performance test by using cells with full cell configuration. The result is shown in 
Figure 5. At a low rate, both the cells with AlgH and PVdF attained similar rate 
capability, but the PVdF system exhibit slightly higher discharge capacity than those of 
the AlgH system. However, at high rate over 5 C, the rate capability of the cell with the 
AlgH binder surpassed that of the cell with PVdF; the discharge capacity for the AlgH 
was estimated to be 80 mAh g
−1
 at a 6 C rate, which is approximately 20% higher than 
that for the PVdF binder. This must be originated from different binder content; the 
smaller the binder content, the lower the electric resistance of electrode because the 
binder is electric insulator. It absolutely affect the discharge performance specifically at 
high rate. 
In addition, it could be argued that the high affinity of AlgH for carbon 
materials improve the high rate charge-discharge performance. In our previous study, 
we utilized the several alginate-salts as an aqueous binder for carbon anode of LIB and 
activated carbon electrode of EDLC. Similar to the present case, high rate 
charge-discharge performance of both LIB and EDLC were drastically improved. We 
also investigated the effect of the presence of Alg neighborhood of carbon and found  
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Figure 5 Discharge C-rate performance of the (a) NMC/AlgH binder, (b) NMC/PVdF 
binder full-cell. (the open marks indicate corresponding coulombic efficiencies) 
 
that the Alg can significantly reduce the total resistances of the composite electrode. 
This is originated from the fact that alginate has high affinity for carbon materials and 
ability to disperse them homogeneously. Thus, in the present case, carbon black as 
conductive agent would be highly dispersed in slurry by AlgH. Therefore, we believe 
that this ability realizes to prepare the positive electrode which maximally utilize 
conductive agent and improves high rate charge-discharge performance. 
Long term cycle test was performed to evaluate cycle durability in Figure 6. 
This cell retains over 90% of initial discharge capacitance even after 1100 cycles, 
suggesting that AlgH exhibits high chemical/electrochemical stability. To our best 
knowledge, there have been no reports of the cell using positive electrode with aqueous 
binder which possess such high capacity retention on cycling test. We also summarized 
the dependence of coulombic efficiency on cycle number, which is calculated as C
 
x
discharge/C
 x
charge × 100, where C
 x
charge and C
 x
 discharge are the charge and discharge 
capacitance at each cycle (x), respectively. This result also proves that the effect of the 
irreversible reaction such as Al corrosion and further hydrolysis are not significant 
because we observed no decrease in the coulombic efficiency caused by their Faradaic  
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Figure 6 Discharge capacity vs. cycle number for NMC/AlgH binder fulcell. 
Charge-discharge rate: 1C=150 mA g
-1
. Operation voltage: 3.0-4.2 V. 
 
reactions. From these results, we can conclude that AlgH has the potential to be used as 
an aqueous binder for positive electrode of LIBs. 
 
II-6-4. Conclusion 
Novel aqueous AlgH binder was employed for a NMC-based positive electrode 
of LIB. The charge–discharge characteristics of the NMC electrodes were investigated 
in conventional organic electrolyte systems. On the basis of the results of 
charge-discharge cycle test in half cell configuration, it can be concluded that the use of 
an AlgH binder provides stable performance of NMC electrodes in spite of the 
aqueous-based electrode preparation. The charge–discharge cycle performance of the 
full cells composed of NMC positive electrodes and the graphite negative electrodes 
with the AlgH binder were evaluated. The use of the AlgH binder provided the stable 
cycle performance with the high coulombic efficiency even at high operation voltage of 
4.5 V, indicating that no side reaction occur such as corrosion of Al current collector or 
decomposition of AlgH binder. AlgH system showed good high rate performance 
compared with the use of a conventional PVdF binder, presumably because of the high 
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affinity of AlgH for carbon materials (conductive agents). Moreover, this cell retains 
over 90% of initial discharge capacitance even after 1100 cycles. These results suggest 
that the use of the AlgH binder enables the fabrication of stable aqueous-based cathodes 
of LIBs. 
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